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ABSTRACT 
Short-term and long-term neurological damage as a result of sports-related brain 
trauma is a major concern for athletes today. In the last decade, studies of subconcussive 
repetitive head impacts (RHI) in contact sports have found associations with functional 
and structural brain changes, even in the absence of diagnosed concussion.  
Risk and thresholds for brain dysfunction in the setting of sports-related RHI remain 
poorly understood.  
This prospective study enrolled 119 athletes (72 contact, 47 noncontact) of both 
sexes (79 male, 40 female), to explore the effect of one season of subconcussive RHI on 
brain function in high school football, boys lacrosse, and boys and girls soccer versus a 
comparison group of noncontact athletes. This study is the first to assess the effects of 
one season of RHI exposure on traditional and novel cognitive measures as well as self-
reported emotion, sleep and headache in high school athletes.  Contact sport athletes wore 
a commercial accelerometer to investigate if there is a dose-response relationship 
between RHI exposure and brain function.  
Paired t-test comparisons of all measures revealed contact sport athletes were not 
different than noncontact athletes in experiencing negative changes over the course of 
  viii 
one season on the assessment battery. Given the number of subjects evaluated and the 
resultant power to detect change, this study had an 82.5% power to detect a Cohenʼs d of 
0.66. Regression analysis of multiple measures of RHI among contact sport athletes did 
not identify a significant relationship between exposure and changes in cognition, 
emotion, sleep or headache over one season. Secondary analyses found significant 
relationships between a greater number of total head impacts at postseason assessment 
and higher scores on NIH Emotion Battery elements Perceived Stress (p=0.0002) and 
Perceived Hostility (p=0.0004), but it was unrelated to total years of football exposure. 
Overall, this study showed that there does not appear to be an association between 
one season of RHI exposure and short-term changes in cognition or self-reported aspects 
of emotion, sleep, or headache. Results from this study may help in the design of future 
investigations that will increase our understanding of the short-term consequences of 
RHI. Future studies should concentrate on the question of a clinically significant 
threshold at which RHI above a certain magnitude is more likely to cause brain 
dysfunction.  
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CHAPTER ONE 
 
Section 1: Introduction 
 The consequences of both concussion and repetitive head impacts (RHI) are an 
area of great concern in contact sports. It is estimated that 44 million youth athletes 
participate in organized sports in the United States each year (National Council of Youth 
Sports, 2008). Decades of concussion research have established that concussions can 
cause acute neurological dysfunction in the domains of cognition (Van Kampen, Lovell, 
Pardini, Collins, & Fu, 2006), particularly attention and mood (Chrisman & Richardson, 
2014; McAllister et al., 2012), reaction time (Eckner, Kutcher, Broglio, & Richardson, 
2014), sleep (Mathias & Alvaro, 2012), and other behavioral outcomes. In some cases, 
those symptoms are associated with brain structure changes on magnetic resonance 
imaging (MRI) (Shenton et al., 2012), diffusion tensor imaging (DTI) and changes in 
levels of tau in the blood and other biomarkers, although a biomarker for mild traumatic 
brain injury with high sensitivity and specificity remains elusive (Gill, Merchant-Borna, 
Jeromin, Livingston, & Bazarian, 2017).   
More recently, however, a growing number of studies have shown that RHI, in the 
absence of concussion, is correlated with abnormal functional (Talavage et al., 2014), 
macro- and microstructural changes on imaging (Lipton et al., 2013), and neurochemical 
findings (Di Battista et al., 2016; Ng et al., 2014). An important next step in research is to 
understand how RHI affects other measures of neurological function among contact sport 
athletes, and if head impact thresholds can be identified that are correlated with changes 
in brain function.   
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What follows is a review of what is known about sports concussion and RHI to 
date. It is worth noting that the compendium of research has focused almost exclusively 
on concussion and primarily in adult athletes. There is a significant gap in the research 
literature on the effects of RHI, in the absence of diagnosed concussion, on the pediatric 
population. 
 
Section 2: Concussion Literature Review 
Concussion Pathophysiology  
Concussion is an evolving area of research, driven by the problem that the 
definition of concussion has evolved significantly over time. As recently as 2007, the 
New England Journal of Medicine stated concussion is defined by an immediate and 
transient loss of consciousness accompanied by a brief period of amnesia after a blow to 
the head (Ropper & Gorson, 2007). That definition, while out of favor by that time, is one 
of 42 published definitions of concussions. The first evidence-based definition was 
published in 2014, and defined concussion as a change in brain function, following a 
force to the head, which may be accompanied by temporary loss of consciousness, but is 
identified in awake individuals with measures of neurologic and cognitive dysfunction 
(Carney et al., 2014). 
Concussion is often used interchangeably with mild traumatic brain injury 
(mTBI), which is the low end of a severity scale including moderate and severe. TBI 
(Traumatic Brain Injury) severity has been historically determined by the presence or 
absence of specific imaging findings or symptoms at the time of injury, and has not 
included an assessment of residual symptoms (R. J. Shaw & DeMaso, 2010). There are 
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multiple severity scales in use. The Department of Veterans Affairs (VA)/Department of 
Defense (DoD) Clinical Practice Guideline for Management of Concussion/Mild 
Traumatic Brain Injury defines severity by imaging, length of loss of consciousness 
(LOC), alteration of consciousness (AOC), post-traumatic amnesia (PTA), and the 
Glasgow Coma Scale (GCS) (Table 1). mTBI is defined by a score of 13 to 15 on the 
GSC, AOC and PTA for less than a day, and LOC for less than 30 minutes, and normal 
imaging findings (O'Neil et al., 2013). Moderate brain injury is defined by a GCS score 
of 9-12, PTA of >1 to <7 days, AOC greater than 24 hours, and LOC between 30 minutes 
and 24 hours, and may include abnormal imaging findings. Severe brain injury is defined 
by a GCS score below 9, PTA greater than 7 days, and LOC greater than 24 hours, and 
may include abnormal imaging findings.  
Table 1. VA/Department of Defense (DoD) Classification of TBI Severity 
Criteria Mild  Moderate Severe 
Structural imaging  
Normal 
Normal or 
abnormal 
Normal or 
abnormal 
Loss of Consciousness (LOC) 
0–30 min 
> 30 min  and < 24 
hours 
> 24 hrs 
Alteration of 
consciousness/mental state 
(AOC) 
a moment 
up to 24 
hours 
>24 hours. Severity based on other 
criteria 
Post-traumatic amnesia (PTA) 0-1 day >1 and <7 days >7 days 
Glasgow Coma Scale (best 
available score in the first 24 
hours) 
13-15 9-12 <9 
 
The VA/DoD TBI severity criteria is similar to, but not the same, as other 
published criteria, including those by the United States Centers for Disease Control and 
Prevention and National Institutes of Health (Centers for Disease Control, 2015), 
Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (American 
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Psychiatric Association DSM-5 Task Force, 2013), American Congress of Rehabilitation 
Medicine (Kay et al., 1993), and World Health Organization (World Health Organization, 
1993). A weakness of TBI research is that classification systems are not harmonized. 
Like concussion, as the understanding of relevant distinctions between types of brain 
injury become known, the criteria evolves.  
TBI remains a heterogeneous disorder, the National Institutes for Neurological 
Disorders and Stroke has been leading an effort among federal agencies and stakeholders 
to harmonize TBI research efforts through their Common Data Elements initiative (Maas 
et al., 2010). This effort is expected to increase the efficiency and effectiveness of clinical 
research studies and clinical treatment, increase data quality, and facilitate data sharing, 
and eventually lead to a more objective understanding of the minimum threshold that 
defines brain injury and classifications among different types of brain injury. 
Many clinicians have raised the concern that mTBI is not interchangeable with 
concussion as the symptoms in some instances are not mild, but can be long lasting, even 
permanent and life-altering. There is no objective biomarker for concussion, and 
diagnosis is still determined by subjective signs and symptoms.  
Theories of the underlying pathophysiology of concussion have evolved over 
time, and a theory that accounts for all potential concussion symptoms has not been 
developed (N. A. Shaw, 2002). In the 1970s Ommaya and Gennarelli’s centripetal 
hypothesis considered concussion “a graded set of clinical syndromes following head 
injury wherein increasing severity of disturbance in level and content of consciousness is 
caused by mechanically induced strains affecting the brain in a centripetal sequence of 
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disruptive effect on function and structure.” They proposed an outside-in model, where, 
“The effects of this sequence always begin at the surfaces of the brain in the mild cases 
and extend inwards to affect the diencephalic–mesencephalic core at the most severe 
levels of trauma” (Ommaya, Grubb, & Naumann, 1971) Over time it was recognized that 
the centripetal theory was insufficient to explain all aspects of concussion, although it did 
provide insight into the consequences of rotational acceleration.  
In one modern theory of concussion, referred to as the neurometabolic cascade of 
concussion, abnormal brain function is believed to begin with the rapid stretch or 
deformation of the axonal membrane, which creates an immediate indiscriminant release 
of neurotransmitters along with unchecked ionic fluxes (Giza & Hovda, 2001, 2014). The 
released neurotransmitters bind to the post-synaptic membrane, causing rapid and large 
scale depolarization of brain cells.  
That depolarization opens ionic channels, allowing ions to flow down their 
concentration gradient and disrupting membrane potential, which is usually maintained at 
-40mV to -80mV. Animal studies find concussion causes an initial period of 
hyperglycolysis and metabolic uncoupling, beginning with an efflux of potassium (K+) 
and glutamate and influx of calcium ions (Ca2+). Extracellular K+ levels have reached 5 
times normal amounts at 1.5 minutes after the event, and resolves within 2.5 to 6 minutes 
(Katayama, Becker, Tamura, & Hovda, 1990). Sodium (Na+)/K+ pumps work to restore 
normal membrane potential, using energy in the form of adenosine triphosphate, or ATP, 
which is produced by the mitochondria.  
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Glucose uptake increases over the next 30 minutes to pump ions back inside the 
cell before reaching an extended state of metabolic depression, involving both a reduction 
of cerebral blood flow (CBF) and glucose uptake. The mitochondria cannot meet the need 
for energy to return the cell to homeostasis, as it sequesters Ca2+, a short-term solution to 
the neurometabolic cascade that can worsen oxidative metabolism and further exacerbate 
the cellular energy crisis. Activated mitochondria overproduce free radicals, which can 
damage deoxyribonucleic acid DNA in the nucleus both immediately and over time. In 
additional to the neurometabolic cascade, mechanical injury can damage microtubules 
and disrupt axonal transport, which can cause swelling and disconnection.  
The many responses to concussion can set the stage for a temporal vulnerability to 
repeated injury, which is relevant to the sports setting. Additional trauma or activation of 
these processes may permanently damage cells that would have otherwise recovered.  
Reduced CBF was recently validated in the first prospective human study of 
concussion and CBF. A cohort of 44 collegiate football players were given arterial spin 
labeling MRI at 1 day, 1 week, and 1 month after concussion, along with 
neuropsychiatric evaluation and a brief cognitive screen at each evaluation. Cognitive 
symptoms tended to resolve by 1 week and neuropsychiatric by one month. Imaging data 
suggested both cross-sectional and longitudinal evidence of CBF recovery in the right 
insular and superior temporal cortex. CBF in the dorsal midinsular cortex was both 
decreased at 1 month postconcussion in slower-to-recover athletes and was inversely 
related to the magnitude of initial psychiatric symptoms (Meier et al., 2015).  
  
7 
The neurometabolic cascade of concussion has long been considered a binary, all-
or-none response to axonal injury. However, there is no direct way to measure the 
response in humans, and there remain many questions surrounding whether the response 
is localized at the site of injury or can become global, spreading throughout the brain. It is 
conceivable that a restricted localized response may not always produce signs or 
symptoms of concussion and therefore would be undetectable in the short term. Most 
work on the neurometabolic cascade is based on rodent work, and thus may not have the 
same time relationship or response in humans. 
The current definition and clinical understanding of concussion fails to capture 
the potential for disturbances in brain structure or function that do not generate classic 
clinical symptoms recognizable to the patient, or that cannot be quantified using modern 
macroscopic imaging, neuropsychological, or other tests. This leaves open the possibility 
that there are traumatic brain injuries that never give rise to classic clinical symptoms and 
are never diagnosed, currently referred to in the literature as subconcussive injury. It also 
leaves open the possibility that the duration of neurometabolic recovery may last longer 
than the resolution of clinical symptoms.  
 
Biomechanics of Brain Injury 
The biomechanics of brain trauma are being investigated to better understand 
underlying mechanisms for brain injury and possible methods of preventing and reducing 
injury. Traumatic brain injury is a complex interplay between accelerative forces and 
vectors of impact, head and neck movement, head and neck stiffness, deformation, age, 
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gender, helmets and equipment, and biological reaction of structures at the macroscopic 
and microscopic level to loading conditions. The brain sits in cerebrospinal fluid inside of 
the skull, tethered at the bottom where the brainstem exits the foramen magnum. It is 
loosely coupled to, and softer than, the skull. Accelerative forces can cause the brain 
tissue and vasculature to be distorted. Changes can be structural, functional, or both, and 
can be immediate or delayed.  
Biomechanics and computational modeling provides a window into understanding 
how impact causes injury. There are three possible kinematic responses to head contact; 
linear movement, rotational movement, or a combination of both. The most common type 
of impact involves both linear and rotational forces. An impact through center of gravity 
of the head, also known as a centroidal impact, results in linear acceleration, being 
closely coupled to rotational acceleration (Hardy et al., 2001; Ommaya & Gennarelli, 
1974; Ommaya et al., 1971; Ommaya, Hirsch, & Martinez, 1966). Non-centroidal 
impacts, which are by far more common, result in head movement in which linear and 
rotational acceleration may be uncoupled. The further away from the center of mass, the 
less the correlation. Therefore, in practical applications, linear acceleration is not a robust 
predictor of risk in this situation.  
Other variables that influence injury include the internal structures of the head, 
like the tentorium and falx cerebri, which determine how the brain moves within the skull 
and may influence distortion in certain regions of the brain, dependent on the vector of 
impact and the unique morphology of the individual brain (Gennarelli et al., 1982). 
Animal studies have demonstrated that the location of brain deformation may affect the 
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resulting injury, suggesting that even a concussion-specific brain deformation threshold 
may vary with region (Cater, Sundstrom, & Morrison, 2006; Vink, Mullins, Temple, Bao, 
& Faden, 2001). 
Research has not yet revealed which aspects of the impact are most responsible 
for injury. Most studies have only captured simple change in velocity, the rate change in 
velocity, or acceleration, and duration of impact. Smaller deformations are believed to be 
more likely associated with functional changes due to chemical and metabolic processes 
(Browne, Chen, Meaney, & Smith, 2011), and larger deformations may additionally 
cause permanent structural changes (Cater et al., 2006; Vink et al., 2001). 
Predicting injury risk in the adolescent human brain is especially difficult as there 
are no validated computational models of brain injury for high school-aged athletes 
(Committee on Sports-Related Concussions in Youth; Board on Children, 2014). There is 
also little data on how the brain responds to trauma while still in the midst of the 
physiological response to a previous injury.  
 The consequences of TBI on the developing brain has become an area of great 
interest. In an investigation of the effects of age of first exposure to football on later-life 
brain structure and function, the Stern Lab at Boston University School of Medicine has 
provided a strong case, based on a thorough review of the literature, that brain trauma 
during a key window of brain development between the ages of 9 and 12 in boys may 
have cause permanent alterations in brain structure and function (Stamm, Bourlas, et al., 
2015). 
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Between the ages of 10 and 12 is a period of peak myelination rates as well as 
increased cerebral blood flow, which is correlated with neurodevelopmental periods 
(Anderson, Spencer-Smith, & Wood, 2011; Epstein, 1999). The onset of puberty in boys, 
usually around age 12, is correlated with decreasing volume in the frontal and parietal 
cortices (Giedd et al., 1999), as well as the amygdala and hippocampus (Uematsu et al., 
2012). Synaptic pruning, which allows for more efficient information processing, is 
believed to be the source of the volume change, and TBI during this period could 
permanently alter the course of development of these brain regions (Blakemore & 
Choudhury, 2006). Similar neurodevelopmental changes occur in the female brain, but on 
a slightly different time course.  
 
Accelerometers and Concussion 
In recent years, scientists have begun using accelerometers in helmets, headbands, 
mouthpieces, and affixed to the skin to measure and record brain trauma in sports more 
accurately than ever before. The first publication using head accelerometers was in 1971 
(Moon, Beedle, & Kovacic, 1971; Reid, Tarkington, Epstein, & O'Dea, 1971), but it was 
not until the development of the Head Impact Telemetry System (HITS) that reliable 
exposure data began being widely collected (Crisco, Chu, & Greenwald, 2004; Patton, 
2016).  
HITS was developed by Simbex with funding from the National Institutes of 
Health in the late 1990s, and was first used on football teams in 2003. It has been the 
primary technology utilized in nearly all accelerometer studies published prior to 2014. 
  
11 
HITS was exclusively licensed by the helmet manufacturer Riddell and primarily studied 
in football, although it was eventually adapted for studies in ice hockey and other helmet 
sports. It cannot be used in unhelmeted sports as a function of its design. The system 
consists of six spring-mounted accelerometers placed between the padding on the inside 
of a football helmet. The sensors are designed to stay in contact with the player’s head. 
Each accelerometer is continuously sampled by an on-board, miniature data acquisition 
system. Impacts in which the signal from at least one of the accelerometers exceeds a 
user-defined threshold (usually set at 10 g or 14.4 g) are recorded (Funk, Duma, 
Manoogian, & Rowson, 2007). Linear acceleration is directly recorded, and rotational 
acceleration is calculated using an algorithm. The algorithm is described by Crisco et al 
(Crisco et al., 2004). 
When an impact triggers the sensor, 40 milliseconds (ms) of data are captured (8 
ms before the impact, 32 ms after) and transmitted, saved, and processed using a 
proprietary algorithm to solve for the peak linear and rotational acceleration magnitude at 
the head center of gravity (CG), Head Injury Criterion (HIC) score, impact duration, 
impact location and a nondimensional measure of head impact severity, HITsp (Duma et 
al., 2005). In a 2005 evaluation of the HIT System, compared to the dummy 
instrumentation, the HIT system overestimated the peak head acceleration by 8% ± 11% 
and overestimated the HIC by 23% ± 28%. A severe limitation in the study is that all 
impacts were through the center of mass, which does not accurately reflect field impacts 
and therefore likely exaggerated the accuracy of HITS (Funk et al., 2007). 
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 A recent independent analysis of HITS by Wayne State University researchers has 
raised concerns as to the accuracy of studies using HITS (Jadischke, Viano, Dau, King, & 
McCarthy, 2013). The researchers allege that the helmet used in validation studies was 
too small, and fit on the Hybrid III headform in a manner that is not comparable to how it 
is worn on the field. Using an appropriately sized headform, Jadischke and colleagues 
found that 55% of impacts had error rates above 15%, and facemask injuries are 
especially problematic. They wrote, “The extremely poor accuracy (>100%) of HITS in 
facemask impacts prevents it from measuring head impacts in a particular player for a 
particular impact.” 
Much of the early interest in accelerometers was fueled by the hope that they 
could be useful in diagnosing concussions. At one time researchers were hopeful that 
they would be able to identify a biomechanical universal concussion threshold, but the 
research has shown that a wide range of linear and rotational accelerations can cause 
concussion. Most significant head impacts do not result in a reported concussion 
(Guskiewicz & Mihalik, 2011). One multi-year study by Guskiewicz and colleagues 
found college football players suffered concussions from impacts with linear acceleration 
as low as 60 g up to 169 g, with no significant correlation between any measure of 
acceleration and risk (Guskiewicz, Mihalik, et al., 2007). Studies using HITS have 
consistently found poor correlations between recorded impacts and concussion risk, 
cognitive decline, and symptomology (Broglio, Eckner, Surma, & Kutcher, 2011).  
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Concussion Symptoms 
A concussion is defined by signs, which are observable, and symptoms, which are 
only recognizable by the patient. Acute signs and symptoms are defined by temporal 
onset after an event exerting mechanical forces on the brain, which can be direct through 
an impact to the head, or indirect through, for example, a whiplash motion.  
There are four general categories of acute symptoms: physical, cognitive, emotional, and 
sleep (Table 2) (Centers for Disease Control, 2013.). Physical symptoms include headache, 
vision and hearing disturbances, nausea and vomiting, dizziness, sensitivity to light and 
noise, balance problems, and lethargy. Cognitive issues include problems with short-term 
memory, concentration, processing speed, and attention. Emotional symptoms include 
emotional lability, irritability, anxiety or nervousness, and depression. Finally, sleep can 
be disturbed, with problems falling asleep, maintaining sleep, or sleeping too much. Each 
symptom has its own onset, resolution, and evolution over time. Many symptoms have 
delayed onset, making it difficult to recognize that they could be related to a previous 
instance of brain trauma.  
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Table 2. Concussion Symptoms by Category 
Somatic (Physical) Cognitive Emotional Sleep 
Headache Difficulty thinking Irritability Sleeping > usual 
Fuzzy or blurry vision Feeling slowed down Sadness Sleeping < usual 
Dizziness Difficulty concentrating 
Feeling more 
emotional 
Trouble falling 
asleep 
Fatigue/drowsiness 
Difficulty remembering 
new information 
Nervousness or 
anxiety  
Drowsiness    
Sensitivity to light    
Sensitivity to noise    
Balance problems    
Nausea or vomiting    
Source: CDC Heads Up 2013. 
 
Acute symptoms are expected to resolve within seconds to weeks, and become 
considered chronic if they don’t follow a clinically determined “normal” course of 
recovery. Generally, experts consider symptoms lasting beyond six weeks to three 
months to have become chronic and are clinically defined as post-concussion syndrome 
(PCS). The World Health Organization’s International Classification of Diseases, tenth 
revision (ICD-10), defines PCS as “a syndrome that occurs following head trauma 
(usually sufficiently severe to result in loss of consciousness) and includes a number of 
disparate symptoms such as headache, dizziness, fatigue, irritability, difficulty in 
concentration and performing mental tasks, impairment of memory, insomnia, and 
reduced tolerance to stress, emotional excitement, or alcohol” (World Health 
Organization, 1993). 
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Concussion Incidence 
The number of diagnosed concussions has been steadily rising in the past decade. 
A recent study found that the number of concussions in high school sports doubled 
between 2005-6 and 2011-12 (Rosenthal, Foraker, Collins, & Comstock, 2014), and most 
experts acknowledge it is most likely due to an increase in concussion reporting, rather 
than an overall increase in the number of concussions. The US Centers for Disease 
Control estimates that there are between 1.6 and 3.8 million concussions each year in 
sports and recreation, but the true incidence of concussion is unknown, primarily due to a 
lack of reporting and medical infrastructure (Echlin et al., 2010; Kroshus, Daneshvar, 
Baugh, Nowinski, & Cantu, 2014; Langlois, Rutland-Brown, & Wald, 2006). Estimates 
of undiagnosed concussions will be addressed later in the chapter. 
Individual sports have widely variable concussion rates, with sports like football 
reporting nearly ten times as many concussions as baseball (Table 3). Concussion rates 
also have gender differences, with female soccer players reporting nearly twice as many 
concussions as male soccer players (Committee on Sports-Related Concussions in Youth; 
Board on Children, 2014).  
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Table 3. High School Reported Concussion Rates by Sport & Sex 
Sport 
Rate per 10,000 
Athletic Exposures 
Football 11.2 
Lacrosse (W) 6.9 
Lacrosse (M) 5.2 
Soccer (W) 6.7 
Soccer (M) 4.2 
Wrestling 6.2 
Field Hockey 4.2 
Basketball (W) 5.6 
Basketball (M) 2.8 
Softball 1.6 
Baseball 1.2 
Volleyball 2.4 
 
Physical Symptoms 
Physical symptoms are the most common complaint after concussion. Physical 
symptoms are usually tracked on a self-reported post-concussion symptom scale, of 
which there are multiple versions which list post-concussion symptoms and severity on a 
Likert scale or other measure (Eyres, Carey, Gilworth, Neumann, & Tennant, 2005; M. 
R. Lovell et al., 2006). A survey of 280 concussion patients reporting to the emergency 
room found headache is the most common symptom, with nearly 9 out of 10 reporting a 
headache either immediately or within days of a concussion (Table 4) (Eisenberg, 
Meehan, & Mannix, 2014).  
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Table 4. Frequency of Physical & Sleep-Related Concussion Symptoms during 
Recovery 
Physical 
Symptoms 
% Reporting 
Symptom at 
Presentation 
% Developing 
Symptom After 
Initial Assessment 
% with 
Symptom 
Median Days 
of Symptom 
Blurry vision 32 5.4 37.4 11 
Dizziness 61.3 6.8 68.1 10 
Double vision 13.2 2.1 15.3 10 
Fatigue 64.2 15.4 79.6 13 
Headache 85.1 3.8 88.9 12 
Light 
sensitivity 
42.5 10.7 53.2 13 
Nausea 41.6 3.9 45.5 9 
Noise 
sensitivity 
40.4 14 54.4 11 
Sleep 
disturbance 
11.6 21.6 33.2 16 
Source: Eisenberg MA, Meehan WP, Mannix R. Duration and course of post-concussive 
symptoms. Pediatrics, 2014. 
 
Light sensitivity is the most common visual symptom, followed by blurry vision 
and then double vision, and visual symptoms are likely due to the fact that half the brains 
circuits are involved in vision and eye movements, so any changes to brain structure or 
function are likely to affect circuits involved in vision (Felleman & Van Essen, 1991). 
Balance deficits after concussion are heterogeneous, and varied rates of recovery implies 
multiple etiologies. Most clinical balance measures used in concussion do not account for 
the complexity of the integration of sensory and motor systems. The most commonly 
used balance screen in concussion, the Balance Error Scoring System (BESS) is a series 
of balance tasks with a validated scoring system that is sensitive during only the first few 
days of concussion (Riemann & Guskiewicz, 2000).   
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Balance deficits are often associated with dizziness. Dizziness, which is often 
comorbid with nausea, is a bucket term patients use to represent three general sensations: 
vertigo (a feeling of spinning), light-headedness, or disequilibrium. These sensations are 
generally caused by central nervous system disturbance, peripheral vestibular 
dysfunction, and cervicogenic sources, and differential diagnosis questionnaires and 
evaluations are in development to better identify and rehabilitate dizziness symptoms 
(Reneker et al., 2015). 
Headache: Headache is the most common symptom of concussion, reported in 
around 90% of athletes with concussion. It is also most commonly reported as the 
primary symptom of concussion, with over 40% of concussed athletes complaining of 
headaches as their primary symptom (Frommer et al., 2011). Chronic headache is 
common after traumatic brain injury, and in some studies has been found to be more 
common in those with mild TBI than in those with moderate or severe TBI (Blume et al., 
2012; Nampiaparampil, 2008). That data may be misleading, however, as individuals 
with moderate or severe TBI may not be able to verbalize their headache pain with the 
first week of the injury, a common cutoff for linking the headache to the TBI (Hoffman et 
al., 2011). 
Self-reporting of symptoms can be influenced by how questions are asked and 
when they are asked, as many symptoms have delayed onset or rapid resolution. Patient 
sex can also influence reporting. For example, females are more than twice as likely to 
suffer from migraine headaches as males, and researchers have suspect that females may 
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be less likely to self-report headache after concussion because having a headache is 
normal to them (Brown, Elsass, Miller, Reed, & Reneker, 2015). 
High school athletes whose headache symptoms lasted 7 days following an injury 
performed more poorly on neurocognitive testing than those without headaches (Collins, 
Field, et al., 2003). A survey of college students found that 35% have suffered a sports-
related headache, and a population of physical education students reported almost twice 
as many as medical students, attributed to their greater participation in contact sports 
(Williams & Nukada, 1994). In a survey of 443 football players, 21% reported having a 
headache after their last game, but only 19% informed an adult and 6% were removed, 
making it unclear if the headache was due to a diagnosable concussion or other 
mechanism (Sallis & Jones, 2000). Frequency of headaches due to subconcussive trauma 
or undiagnosed concussion has been explored, but the study lacked a control group 
making the results inconclusive (Baugh et al., 2015).   
 
Sleep 
Traumatic brain injury has been shown to disturb sleep in multiple ways, 
including falling asleep, remaining asleep, or total sleep time (Kostyun, Milewski, & 
Hafeez, 2015). Optimal sleep duration for adolescents is about 9 hours a night, but the 
average high school student gets about 6-8 hours of sleep per night, largely due to early 
school start times (Carskadon, Acebo, & Jenni, 2004).  
The sleep and wakefulness cycles often become disturbed after brain injury, 
regardless of severity, although sleep disturbance in concussion has been poorly defined 
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and little studied (Mathias & Alvaro, 2012). Kostyun and colleagues (2015) hypothesized 
that hypersomnia may be a part of the injury process, where the brain requires increased 
sleep to restore its neurometabolic homeostasis to the preinjury level, or a protective 
mechanism used by the body to help prevent the brain from engaging in exertional 
activities that can exacerbate symptoms and possibly prolong the healing process. 
Changes in sleep may affect cognitive, linguistic, and emotional behaviors 
independent of brain trauma. Sleeping problems can lead to other symptoms, including 
confusion, frustration, and depression, leading to further impairments (Levin & 
Eisenberg, 1991; Milroy, Dorris, & McMillan, 2008; Tham et al., 2012). Sleep 
insufficiency and impairment can also negatively affect a child’s learning and behavior 
(Archbold, Giordani, Ruzicka, & Chervin, 2004; Blunden, Lushington, & Kennedy, 
2001). 
 
Cognitive Symptoms 
Most concussion patients report some level of cognitive impairment after 
concussion. The Diagnostic and Statistical Manual of Mental Disorders, 5th Edition 
(DSM-5) lists six key domains of cognitive function: Complex attention, executive 
functioning, perceptual-motor function, language, learning and memory, and social 
cognition. The majority of research on cognition and concussion has been performed by 
neuropsychologists using neuropsychological testing that characterizes cognitive 
functioning at various time points before and after injury. 
Barth and colleagues are credited as the first to use neuropsychological testing in 
assessment of concussion in sports using the SLAM (Sports as a Laboratory Assessment 
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Model) system in the late 1980s, including the concept of having an individualized 
baseline (Barth et al., 1989). They found that concussion-impaired memory, visuospatial 
abilities, and executive function, with concussed athletes showing reduced planning and 
ability to switch mental sets (Barth et al., 1983; Rimel, Giordani, Barth, & Jane, 1982). 
Gronwall and Wrightson (1981) were among the first to identify impairments in memory 
storage and retrieval, as well as concentration and attention (1981). Other researchers 
continue to add to the evidence that additional domains, including reaction time, response 
time, and the ability to process information are all vulnerable to concussion (Collins, 
Iverson, et al., 2003; Maddocks, Dicker, & Saling, 1995). An analysis of 21 studies by 
Belanger and Vanderploeg found most cognitive domains were affected, including 
delayed memory, memory acquisition, and global cognitive functioning, but most 
recovered within 7 days post- injury (2005). 
On post-concussion symptom checklists, various cognitive domains are addressed 
by terms like forgetfulness, concentration, paying attention, or taking longer to think. A 
recent survey of patients ages 11-22 presenting to the emergency room found that 
processing speed (taking longer to think) and concentration (poor concentration) were 
immediately affected, while memory (forgetfulness) was spared immediately, but 
problems frequently appeared over the next week (Table 5) (Eisenberg et al., 2014).   
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Table 5. Frequency of Cognitive Concussion Symptoms during Recovery 
Cognitive 
Symptoms 
% Reporting 
Symptom at 
Presentation 
% Developing Symptom After 
Initial Assessment 
Median Days 
of Symptom 
Forgetfulness 2.1 15.8 17.9 11 
Poor concentration 52.4 13.1 65.5 14 
Take longer to 
think 
57.8 11.1 68.9 13 
Source: Eisenberg MA, Meehan WP, Mannix R. Duration and course of post-concussive 
symptoms. Pediatrics, 2014. 
 
Notably, there is very little research into two of the six domains outlined in the 
DSM-5, language and social cognition. One of the difficulties of assessing cognition and 
concussion is that there is no consistent profile and performance can be affected by sleep, 
medication, exercise, and many other variables. Sleep is often affected by concussion, 
which often raised the clinical question of whether delayed onset cognitive problems are 
due to the concussion or problems with sleep. 
 
Cognitive Assessment  
Cognitive assessment in the form of a neuropsychological test battery have now 
become a part of a standard return-to-play (RTP) protocol. Most patients with concussion 
do not receive a complete neuropsychological assessment of multiple cognitive functions 
because the full testing battery can take as long as 4-8 hours per patient (Lezak, 
Howieson, Bigler, & Tranel, 2012). Shorter computerized neuropsychological tests, 
which take less than 30 minutes, are now widely accepted for athletes as young as 
thirteen years old, and additional tests are now being marketed for children as young as 5 
years old (ImPACT Applications Inc.).  
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While there are significant questions as to the validity of commonly used 
neuropsychological tests, they can provide a useful window into cognitive function when 
used correctly and interpreted by a neuropsychologist. Most of the independent research 
on the efficacy and validity of computerized neuropsychological testing is focused on the 
commercial market leader ImPACT, which consists of measures of memory, executive 
function, concentration, attention, and reaction time.  
Van Kampen and colleagues examined the value of adding ImPACT to a simple 
assessment of symptom load. One hundred twenty-two athletes were tested 2 days after 
injury, and compared to 70 controls (Van Kampen et al., 2006). Of those, 93% of athletes 
with a reliable increase in symptoms, with either an increase of reported symptoms or a 
poor result on the ImPACT test, were formally diagnosed with a concussion, giving a 
positive predictive value (PPV) of 93%. However, 41% of those without an increase in 
symptoms or normal ImPACT also had a clinician-diagnosed concussion, a negative 
predictive value (NPV) of 59%.  
When ImPACT was used in the absence of symptom data, 83% of those having at 
least one abnormal neurocognitive test score had a concussion (PPV=83%) and 70 
percent of those with no abnormal neurocognitive scores did not have a concussion 
(NPV=70%). When criteria for concussion classification were changed to require at least 
one abnormal ImPACT test or a reliable increase in symptoms, 81% of those who the 
tests indicated had a concussion were correctly diagnosed (PPV=81%) and 83% of those 
the tests indicated were negative for concussion were correctly diagnosed (NPV=83%).  
  
24 
It is a noteworthy statistic that if an increase in self-reported symptoms was used 
as diagnostic criteria to screen every football player after every game over one season 
(where the incidence rate is under 1% per game), more than 97% of the athletes the test 
identified as having a recent concussion actually would be diagnosed in error. 
The ImPACT test was recently evaluated for the first time for convergent validity 
versus traditional paper and pencil tests among college age students (Maerlender et al., 
2010). Validity was demonstrated for four of the five ImPACT domain scores, but it was 
also noted that two cognitive domains assessed by the traditional neuropsychological 
battery, and often compromised as a result of mild TBI, were not directly identified by 
the ImPACT battery: sustained attention and auditory working memory. In addition, 
depression and anxiety correlated with performance on measures of attention and 
working memory.  
A later study by the same authors found that ImPACT had poor discriminant 
construct validity (Maerlender et al., 2013). The ImPACT Verbal Memory (p = .044), 
Visual Memory (p = .006), and Visual Motor Speed (p = .000) scores were highly 
correlated with composites of the other scores. Reaction Time composite demonstrated 
adequate discriminant validity (p = .145).  
In comparison, all of the traditional neuropsychological test composites showed 
good discrimination. The authors conclude that the lack of discriminability between three 
of four composite scores raises questions about using ImPACT composite scores to 
support specific construct-oriented interpretations. Combined with their last paper, the 
  
25 
authors concluded that ImPACT indicates construct sensitivity, but limited construct 
specificity. 
A 2005 study that included the authors of the test found that multiple modules of 
the ImPACT test may be assessing a similar underlying construct. Processing Speed 
Composite, Reaction Time Composite, and Symbol Digit Modality Test appear to be 
measuring a similar underlying construct in this sample of concussed amateur athletes, 
while Verbal Memory and Visual Memory Composites appear to be measuring 
discriminant constructs (Iverson, Lovell, & Collins, 2005). 
Despite all of these concerns, ImPACT is by far the market leader for sports 
concussion neuropsychological testing from age 11 to professional. ImPACT was first to 
market, cleverly marketed to schools and parents, and leveraged a close relationship with 
the National Football League (NFL) to become synonymous with baseline testing.  
There are questions as to the validity and reliability of computerized 
neuropsychological testing in general. Originally, paper-and-pencil testing was 
questioned due to concerns about interrater reliability, lack of alternative forms, and 
practice effects (Collie, Darby, & Maruff, 2001). Computerized testing was developed 
because it offered advantages like randomized stimuli, shorter administration, more 
accurate assessment of reaction time, and central data storage (McCrory, Makdissi, 
Davis, & Collie, 2005).  
Reliability of computerized neuropsychological testing, in terms of consistent 
test-retest scores, is generally measured by intraclass correlation coefficient (ICC), but 
agreement does not exist for a minimum ICC coefficient. According to the 2013 Institute 
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of Medicine Report, all computerized neuropsychological testing batteries currently on 
the market have some level of acceptable reliability, and measures of reaction time and 
speed appear to be more reliable than memory or accuracy (Committee on Sports-Related 
Concussions in Youth; Board on Children, 2014). 
 
Emotional Symptoms 
Brain structure and function changes in concussion can also result in emotional 
changes. Some studies have shown that in a PCS population, defined as symptoms for 
three months, “more emotional” (60%) and “irritability” (58%) were the second- and 
third-most frequent new-onset complaints, but the biological underpinnings of those 
symptoms are poorly studied (Barlow et al., 2010). In addition, emotional lability and 
irritability are often considered secondary to headache, fatigue, sleep issues, or an 
inability to return to sport or school, rather than as a primary symptom due to structural 
or functional changes due to the concussion. Deeper investigation of those symptoms is 
warranted. 
However, the biological underpinnings of depression and anxiety, the other 
common concussion symptoms related to emotion, have been investigated and are 
explored below. 
 
 Depression 
Depression is a common symptom after concussion. After controlling for age, sex, 
parental mental health, and socioeconomic status, history of concussion has been 
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associated with a 3.3-fold greater risk for depression diagnosis (Chrisman & Richardson, 
2014). Bombardier and colleagues interviewed 559 patients who were admitted to a level 
one trauma center for TBI at 1, 3, 6, and 12 months following discharge; 53.1% met 
criteria for major depressive disorder (MDD) at least once in the follow-up period, a rate 
7.9 times the normal population. MDD rates were independent of injury severity and 
length of stay. MDD diagnosis was associated with a 24 times greater risk of developing 
post-TBI panic disorder and a 9 times greater risk of a diagnosis of another classification 
of panic disorder (2010). Depression has also been shown to impair cognition in multiple 
domains, including executive functioning, attention, memory, and psychomotor speed 
(Hammar & Ardal, 2009).  
 
Anxiety 
Studies have found that anxiety disorder is reported in 24 to 27% of adult TBI 
patients (Gould & Ponsford, 2015; Jaramillo et al., 2016; Walker, Franke, McDonald, 
Sima, & Keyser-Marcus, 2015). Post-concussion anxiety disorder can be more frequent 
than post-concussion depression. A survey of 71 Division 1 college athletes post-
concussion found that 33.8% tested positive for anxiety using the State-Trait Anxiety 
Inventory (Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983). In addition, 19.8% 
were identified with depression using the Center for Epidemiological Studies Depression 
(CESD) Scale (J. Yang, Peek-Asa, Covassin, & Torner, 2015). Concussed athletes with 
symptoms of depression at baseline were 3.4 times more likely to experience a state of 
anxiety, indicating a possible pre-existing vulnerability in some athletes.  Anxiety 
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disorders are generally associated with cognitive disorders, affective disorders, and post-
traumatic headache, making determining the underlying etiology difficult (Minen, 
Boubour, Walia, & Barr, 2016). 
 
Concussion Biomarkers 
Concussion research has been complicated a lack of biomarkers of injury. 
Concussion remains a clinical diagnosis, creating subjectivity in diagnosis, measures of 
severity, and measures of recovery. The next section will explore research on multiple 
categories of biomarkers, as well as how they interact with clinical symptoms. 
 
Measures of Brain Activity 
Electroencephalography: Electroencephalography (EEG) reads the electrical 
activity of the scalp, which is related to the activity of the neurons on the surface of the 
brain. Quantitative EEG (QEEG) involves methods of analysis of EEG data. One QEEG 
test was shown to accurately identify a concussion group from a control group by 
measuring change from individual baseline EEG. The test was more sensitive than tests 
of emotional change, accurately identifying the concussed population at day eight, long 
after other measures had returned to baseline (McCrea, Prichep, Powell, Chabot, & Barr, 
2010). 
Event-related potential (ERP) is a portion of the continuous EEG signal also being 
investigated in mild traumatic brain injury. ERP is time-locked to the onset of a discrete 
stimulus. In one study by Gosselin and colleagues on 44 patients identified as having a 
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concussion 7 to 8 months prior, visual ERPs during a working memory task were found 
to have smaller amplitude and correlate with slower reaction times and poorer working 
memory (Gosselin et al., 2012). This finding and others has raised suspicion that the 
current standard for recovery from concussion, where most athletes return within three 
weeks, may be inadequate. Another hypothesis is that diagnosed concussions are not 
sufficient to explain all neurological changes from repetitive head impacts.  
Functional Magnetic Resonance Imaging (fMRI): fMRI, which measures brain 
activity by measuring blood flow to specific regions of the brain, has identified activation 
patterns that appear to correlate with concussion severity and symptom and function 
recovery.   
A study of 56 male collegiate athletes using functional MRI (fMRI) found that 
those with concussion and depression symptoms, but not emotional symptoms, showed 
reduced activation in the dorsolateral prefrontal cortex and striatum, and attenuated 
deactivation in medial frontal and temporal regions. Symptoms correlated with changes 
in areas of the brain believed to be involved in depression, and voxel-based morphometry 
confirmed gray matter atrophy in these areas (Chen, Johnston, Petrides, & Ptito, 2008). 
Westfall and colleagues examined cognition after concussion using the auditory-
verbal N-back test, a valid working memory test, while subject received an fMRI 
(Westfall et al., 2015). Nineteen adolescents with a previous concussion an average of 7.5 
months prior were compared to 19 demographic and N-back performance-matched 
controls. They found that the athletes with recent concussion showed significantly greater 
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brain activation in three distinct areas during the most difficult memory load condition, 
suggesting the subjects were compensating for residual effects of the concussion.  
 
Structural Imaging Biomarkers 
Imaging is not part of normal concussion management, but new imaging 
modalities are providing insight into how brain trauma affects the structure and function 
of the brain. Standard computerized tomography (CT) and MRI are not generally not 
helpful in concussion diagnosis and evaluation but are used when a structural injury is 
suspected (McCrory et al., 2013).  
Magnetic resonance spectroscopy (MRS): MRS has identified metabolite 
abnormalities that appear to extend beyond symptom recovery, which investigators have 
suggested implies an extended period of vulnerability after injury (Vagnozzi et al., 2010).  
Johnson and colleagues have identified that ratios between N-acetyl aspartate (NAA) and 
choline (Cho), as well as NAA and creatine (Cr), in the genu of the corpus callosum are 
different in a concussion population versus controls (Johnson et al., 2012).  
Diffusion Tensor Imaging (DTI): DTI is an MRI technique through which the 
location, orientation, and anisotropy of white matter tracts in the brain become 
measurable. According to Alexander and colleagues, “in fibrous tissues including white 
matter, water diffusion is relatively unimpeded in the direction parallel to the fiber 
orientation. Conversely, water diffusion is highly restricted and hindered in the directions 
perpendicular to the fibers. Thus, the diffusion in fibrous tissues is anisotropic” and DTI 
measures the aspects of anisotropy to gauge possible traumatic injury to the axon. 
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Fractional anisotropy (FA, a measure of the directionality of diffusion), mean diffusivity 
(MD, a measure of total diffusion within a voxel), radial diffusivity (RD, a measure of the 
diffusion in two directions perpendicular to the length of an axon), and axial diffusivity 
(AD, a measure of the diffusion along the length of an axon) are common measures 
(Alexander, Lee, Lazar, & Field, 2007; Khong, Odenwald, Hashim, & Cusimano, 2016).  
A study of 26 high school and college athletes with sports-related concussion 
versus an equal number of controls found both symptom and DTI abnormalities at 24 
(Lancaster et al., 2016). When tested 8 days later, symptoms had largely recovered, but 
DTI differences between concussed athletes and controls actually grew, providing 
additional evidence that symptom recovery is not physiologic recovery. A systematic 
review of published DTI studies in more severe concussions as measured by time to 
recovery identified associations with decreased FA and increase MD and RD, but did not 
find a consensus about findings in specific brain regions (Khong et al., 2016). 
Researchers using functional imaging and diffusion tensor imaging (DTI) have 
begun to examine commonalities in the brain circuitry implicated in depression and in 
mTBI. In a meta-analysis of 57 DTI studies (40 of TBI and 17 of depression), none of 
which examined depressive symptoms following TBI, common white matter 
irregularities were identified in frontotemporal regions of the brain, the internal capsule, 
and the corpus callosum (Maller et al., 2010).  
A longitudinal study of patients with mTBI and no history of previous major 
depression or previous brain injury found an association between depression ratings and 
microstructural abnormalities in the frontotemporal regions on DTI taken within one 
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month of the injury (Rao et al., 2012). These findings suggest depressive symptoms 
following concussions may be associated with structural and functional brain changes, 
which may inform the treatment of depression. 
 
Serum Biomarkers 
Serum biomarkers are a promising area of research to detect and manage brain 
injuries. After brain injury, proteins may leak from damaged cells into the cerebrospinal 
fluid, then cross the blood-brain barrier to enter into the bloodstream. While there are 
many promising ongoing studies attempting to detect proteins using blood or saliva, there 
are no current tests with high enough sensitivity and specificity to be utilized in a sports 
setting, and very little knowledge of the pediatric population. Biomarkers such as S100 
calcium-binding protein B (S100B), neuron-specific enolase (NSE), cleaved tau protein 
(CTP), calpain-cleaved αII-spectrin N-terminal fragment (SNTF), Glial fibrillary acidic 
protein (GFAP), and ubiquitin C-terminal hydrolase-L1 (UCH-L1), monocyte 
chemoattractant protein-1 (MCP-1) and MCP-4, and tau, among others, are currently 
targets of investigations (Committee on Sports-Related Concussions in Youth; Board on 
Children, 2014; Siman et al., 2015).  Those in which there is more well-documented 
studies are discussed in more detail below.  
S100B is a protein secreted by cells in the central nervous system and used as a 
marker of blood-brain barrier disruption (Blyth et al., 2011; Blyth et al., 2009). Bazarian 
and colleagues used DTI and serum measurements of S100B and S100B auto-antibodies 
to evaluate the effect of subconcussive brain trauma (Marchi et al., 2013). Sixty-seven 
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college football players were enrolled, and in a subset of 15 players, only those players 
with the most subconcussive head impacts (based on self-report and post-game review of 
the game film, not sensors) had detectable serum levels of S100B and elevated levels of 
auto-antibodies against S100B.  As noted earlier, subconcussive brain trauma is currently 
defined as brain trauma that does not result in acute concussion symptoms, but still may 
cause brain injury and these findings support this contention. Serum S100B antibodies 
predicted lasting changes in mean brain white matter diffusivity in a subset of players 
who had DTI scans pre- and postseason and at 6 months postseason. Postseason S100B 
auto-antibodies also correlated with impulse control and balance problems. However, 
there are sources of serum S100B outside of the central nervous system, confounding the 
analysis. Adipocytes, a type of fat cell, contain a concentration of S100B similar to 
nervous tissue. There is evidence in schizophrenia that risk factors for elevated S100B in 
the blood also include being overweight, visceral obesity, and peripheral/cerebral insulin 
resistance (Steiner et al., 2010). 
Glial fibrillary acidic protein (GFAP) is a cytoskeletal monomeric filament 
protein present in astrocytes located both in white and gray brain matter. UCH-L1 is a 
protein involved in processing of proteins destined for degradation, playing an important 
role in the removal of oxidized or misfolded proteins in both normal and pathological 
conditions. It has been reported that both GFAP and UCH-L1 have good sensitivity and 
specificity for concussion, but more recent research with a control population of 
individuals with orthopedic injuries without central nervous system involvement have not 
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replicated those findings (Diaz-Arrastia et al., 2014; Metting, Wilczak, Rodiger, Schaaf, 
& van der Naalt, 2012; Posti, Hossain, & Takala, 2017). 
A recent study of Swedish ice hockey players with post-concussion syndrome 
found increased cerebrospinal fluid neurofilament light proteins and reduced amyloid β, 
which the authors suggest is indicative of axonal white matter injury and amyloid 
deposition (Shahim et al., 2016). 
Battista and colleagues analyzed the blood biomarker profiles of eighty-seven 
healthy collegiate athletes with a varied history of concussion and subconcussive 
exposure. Twenty-nine inflammatory and ten neurological injury analytes were assessed 
in the peripheral blood by immunoassay. Those athletes with a history of collision sports, 
defined as football, rugby, lacrosse, and men’s ice hockey, were found to have 62% 
higher tau levels. Multiple concussions were associated with increased MCP-1 in females 
and MCP-4 in males. Chemokines facilitate peripheral immune cell migration to the 
central nervous system (CNS) after injury (Jaerve & Muller, 2012). They may also 
contribute to blood-brain barrier breakdown, and elevated levels have been found in 
humans after moderate or severe brain injury (Buonora et al., 2015; Chodobski, Zink, & 
Szmydynger-Chodobska, 2011). It is unclear at this time if MCP is part of a reparative or 
destructive process.  
 Most recently, Gill and colleagues examined whether tau changes after sport-
related concussion were correlated with severity, defined by days to return to play (RTP). 
They found that athletes with long RTP (>10 days), had significantly higher plasma tau 
concentration six hours after the concussion. Interestingly, both healthy and concussed 
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athletes had significantly higher baseline plasma tau than non-healthy controls (Gill et al., 
2017).  
There is a tremendous amount of interest in identifying in a biomarker for TBI, 
but progress is slow and no biomarker has yet reached a level of sensitivity and 
specificity to be widely used in research. A biomarker for TBI that would have clinical 
utility would have significant value, especially if could be used on the sideline in a sports 
setting, but it will require significant research and technological advancements.  
  
Concussion Management 
In the instances when a concussion is diagnosed, the resolution of symptoms is 
assumed to be essential to a safe return to play. In the absence of a definitive biomarker, a 
concussion diagnosis remains a clinical decision defined by the presence of signs or 
symptoms of concussion combined with a possible mechanism (McCrory et al., 2013). In 
the acute sideline or clinical setting, remove from play (RFP) concussion screening tools 
are frequently used by a medical professional, but since medical professionals are scarce 
at athletic contests, they are not commonly used. In settings where medical professionals 
are unavailable, RFP is determined by athlete self-report of symptoms, or recognition of 
signs of concussion, like LOC or impaired balance, by a coach, parent, teammate, or 
referee. In the last decade, there has been a significant effort led by multiple 
organizations to educate those specific populations on signs and symptoms of concussion. 
The Sport Concussion Assessment Tool (SCAT3) is globally promoted as a 
sideline and clinical assessment battery for use by medical professionals, and includes the 
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Glasgow Coma Scale, assessments of orientation, a post-concussion symptom checklist, 
memory, balance and coordination. A large study of the components of the SCAT3 has 
found that only the post-concussion symptom checklist provides clinical utility at 24 
hours after concussion (Chin, Nelson, Barr, McCrory, & McCrea, 2016; McCrory et al., 
2013). One RFP test that is gaining acceptance, based on mounting data is the King-
Devick Test, a short test of rapid number naming that has been shown to be sensitive and 
specific to concussion in multiple populations (Galetta et al., 2015). 
If a concussion is suspected, the current international consensus guideline 
recommends immediate physical and cognitive rest to prevent additional injury (McCrory 
et al., 2013). There are no specific guidelines in the international consensus statement for 
the assessment or management of emotion and sleep. There is growing evidence that 
overstimulation of an injured brain, even in the absence of a second concussion, can lead 
to a longer lasting deficit, and that the brain is more vulnerable to further injury during 
the recovery phase (Cantu, 1998).  
Initial evidence for this relationship came from mice. In one example, Kozlowski 
and colleagues gave mice unilateral sensorimotor cortex lesions and then immobilized the 
ipsilateral (uninjured) limb in a cast, forcing use of the arm controlled by the injured 
brain. Those mice developed severe emotional deficits and a dramatic exaggeration of the 
neuronal injury (Kozlowski, James, & Schallert, 1996). Models have shown changes in 
synaptic density after concussion. Decreases in dendritic spine densities were observed 
24 hours after injury, but increases above controls were observed 7 days later. These 
acute synaptic changes are thought to reflect synaptic instability and degeneration and 
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may have significant implications for the initiation of rehabilitation (Campbell, Register, 
& Churn, 2012). 
More recent human evidence has shown that immediate removal from the game or 
practice after a concussion is associated with an accelerated recovery. A study of athletes 
at the University of Florida found that those who were immediately removed recovered in 
half the time (5 vs. 10 days) than those who finished the period or game (Asken et al., 
2016). A study of high school athletes had the same finding, although the average 
recovery was much longer (22 vs. 44 days) (Elbin et al., 2016). 
Current consensus guidelines recommend that no athlete return to play on the 
same day of a suspected concussion, and that no athlete return until asymptomatic or has 
returned to baseline symptoms before the concussion (McCrory et al., 2013). The 
guidelines refer to return to baseline symptoms athletes don’t always start with a baseline 
symptom score of zero; some have premorbid headaches, depression, and sleep disorders 
that complicates concussion management. While consensus opinion recommends both 
physical and cognitive rest, there is little prospective human data to support the guideline 
beyond immediate removal from play (McCrory et al., 2013). 
The recommendation of physical rest has evolved over time. Since the early 
2000s, consensus guidelines like the National Athletic Trainers Association position 
statement have defined home rest as return to normal activities but not sport or exertional 
activities that provoke symptoms (Guskiewicz et al., 2004). No RTP the same day of 
concussion was first formally proposed in a consensus guideline in 2009 (McCrory et al., 
2009).The recommendation is driven by concerns that RTP prior to neurological recovery 
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may increase risk of a more severe brain injury from additional impacts, and impaired 
cognition and balance due to concussion may leave athletes even more vulnerable to an 
additional concussion (Committee on Sports-Related Concussions in Youth; Board on 
Children, 2014). 
Cognitive rest is also recommended, but some studies show excessive rest may 
worsen symptoms (Thomas, Apps, Hoffmann, McCrea, & Hammeke, 2015). The 2009 
international consensus guideline defined cognitive rest as “the need to limit exertion 
with activities of daily living and to limit scholastic and other cognitive stressors (eg, text 
messaging, videogames, etc) while symptomatic. School attendance and activities may 
also need to be modified to avoid provocation of symptoms” (McCrory et al., 2009). 
Cognitive recovery and return, which in pediatric cases means return to the classroom, 
has not been as extensively studied as RTP. Classwork can be affected, as academic work 
demands focus, memory, processing speed, and concentration, all of which are cognitive 
symptoms that have been identified as consequences of a concussion (McCrory, Collie, 
Anderson, & Davis, 2004). Missing school negatively affects chances of graduation. 
Students who missed five to nine days of school during their freshman year were much 
less likely to graduate 4 years later in Chicago Public Schools (Allensworth, Easton, & 
Consortium on Chicago School Research, 2007). 
The roles of management of sleep and emotion are less extensively researched or 
discussed. The 2009 international consensus guideline, which is considered a turning 
point in modern concussion management as it was the first guideline to discourage RTP 
same day of concussion, barely references sleep and emotion. They are among the 
  
39 
recommended domains (clinical symptoms, physical signs, behavior, balance, sleep and 
cognition) suggested for screening after a suspected concussion (McCrory et al., 2009). 
However, there is no further recommendation for management of sleep and emotion 
besides a suggestion of pharmacotherapy for refractory symptoms.  
 
Clinical Clearance for Return to Play 
Medical clearance for return to play is determined in a clinical setting with a 
battery of tests available to the clinician. The hallmark of recovery is the absence of 
physical, cognitive, emotional, and sleep symptoms of concussion at rest and exertion, as 
well as no abnormal neurological findings. 
The duration of resolution of clinical symptoms is variable for each athlete (Table 
4) and each concussion due to unknown factors. In studies of high school and college age 
athletes, all concussion symptoms resolved spontaneously (without clinical intervention 
beyond standard recommendations of physical and cognitive rest) in up to 90% of 
patients. (McClincy, Lovell, Pardini, Collins, & Spore, 2006; McCrea et al., 2013). 
However, 10 to 20% of patients will have symptoms that persist beyond a month, which 
may be diagnosed as PCS defined earlier (Committee on Sports-Related Concussions in 
Youth; Board on Children, 2014). 
The etiology of why some concussions do not resolve and transition into PCS is 
unknown. Studies have found that some early symptoms are predictive of PCS like 
dizziness, number of symptoms at the time of injury and overall symptom burden at the 
time of the first clinic visit (Chrisman, Rivara, Schiff, Zhou, & Comstock, 2013; Lau, 
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Collins, & Lovell, 2011; Meehan, Mannix, Monuteaux, Stein, & Bachur, 2014). 
Treatment of PCS symptoms involves a multidisciplinary approach, where clinicians are 
now utilizing modalities including visual and vestibular rehabilitation, aerobic exercise 
therapy, cervical spine rehabilitation, headache therapy, and treatment of post-injury 
psychiatric outcomes (Ellis, Leddy, & Willer, 2016). 
Even after a patient exhibits full recovery from symptoms, there is evidence that 
the brain has not always fully recovered. Scans evaluating structural damage and 
metabolic changes have identified abnormalities that extend beyond presence of 
emotional symptoms. A study using magnetic resonance spectroscopy revealed that post-
concussion, brain metabolism extends beyond symptom resolution and in all cases lasted 
beyond 30 days (Vagnozzi et al., 2008). Using MR spectroscopy, Vagnozzi and 
colleagues found that NAA/Cr ratios decreased by 18.5% in 13 concussed athletes, but 
returned to normal by day 30. However, 3 patients who sustained a second concussion 
did not recover until day 45 (Vagnozzi et al., 2008). The length of recovery appears to 
correspond to the duration of vulnerability suggested by Giza and Hovda’s 
neurometabolic cascade of concussion research (2001).  
 
Modifiers of Concussion Risk, Symptoms, and Recovery  
Sex: The studies on the effect of sex on concussion symptoms and recovery are 
mixed. A study by Frommer and colleagues, one of few on younger athletes, found that 
high school aged males and females reported the same number of symptoms after 
concussion, but males were more likely to report amnesia and confusion/disorientation 
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(Frommer et al., 2011). Females were more likely to report drowsiness and sensitivity to 
noise. 
Berz and colleagues, studying high school and youth athletes, found females 
appear to take longer to return to baseline and become asymptomatic than males (Berz et 
al., 2013). Bazarian and colleagues studied subjects reporting to the emergency room 
with mTBI and found that recovery did not differ by gender, as defined by the number of 
days to return to normal activities or the number of days of work missed.  However, they 
found females were more likely to have a poorer outcome after TBI as measured by PCS 
score (Bazarian, Blyth, Mookerjee, He, & McDermott, 2010). 
Age: As discussed earlier, it appears that the youth and adolescent developing 
brain responds differently to concussion and RHI than the adult brain (Choe, Babikian, 
DiFiori, Hovda, & Giza, 2012). The human brain and its complex connections change 
over time, and do not reach adult-like maturity until the early twenties. Structural and 
functional changes involving synapses, myelination, and metabolism occur due to normal 
development as well as interactions with the environment (Yakovlev & Lecours, 1967).  
Synaptic density changes during adolescence. Synaptic pruning occurs during the 
teenage years, and is thought to eliminate weak connections while retaining strong 
connections. Areas of the brain experience synaptic pruning at different times. While 
auditory and visual cortex pruning peaks prior to age twelve, the prefrontal cortex, which 
plays a significant role in executive functioning, continues through about age 18 
(Bourgeois, Goldman-Rakic, & Rakic, 1994; Huttenlocher & Dabholkar, 1997). 
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Sensorimotor regions mature during early adolescence, while prefrontal and 
parietal regions take longer to mature, lasting through early adulthood (Gogtay et al., 
2004). The development of white matter appears to follow a linear course through young 
adulthood, while the growth of gray matter follows an inverted U course, increasing 
during the first years of life and decreasing in adolescence. The changes occur on 
different time courses in different regions of the brain, (Giedd et al., 1999; Sowell, 
Thompson, & Toga, 2004) and sex influences time course; notably, cortical grey matter 
develops earlier in females during adolescence (Giedd, Raznahan, Mills, & Lenroot, 
2012).  
There is limited data on human subjects regarding differences in recovery, but 
studies available indicate that younger youth take longer to return to baseline on 
neurocognitive measures than older youth (Zuckerman et al., 2012). The delay in 
recovery may be due to more severe injury. Axons are not fully myelinated during 
adolescence, and myelination advances regionally through the brain, meaning that at 
different ages, different regions of the brain may be more susceptible to shear injury than 
others (Cook, Schweer, Shebesta, Hartjes, & Falcone, 2006; Kieslich, Fiedler, Heller, 
Kreuz, & Jacobi, 2002; Ommaya, Goldsmith, & Thibault, 2002). Biomechanical 
differences between children and adults may also explain the difference in injury severity 
and recovery. Reduced development of the neck and shoulder musculature, a larger 
subarachnoid space in which the brain can move, thinner cranial bones, a larger head-to-
body ratio, and differences in cerebral blood volume have all been suggested (Meehan, 
Taylor, & Proctor, 2011).  
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Genetics: Genetic research on concussion is limited, almost entirely focused on 
apolipoprotein E (APOE) gene 4. Retrospective studies of college football players have 
found that players who were e4 positive were more likely to report a concussion history 
than those without, but the sample size was small (Terrell et al., 2008; Tierney et al., 
2010). Conversely, prospective studies, while small, have not found a link (Terrell et al., 
2013; Terrell, Bostick, & Barth, 2012). Initial data on 68 pathologically confirmed CTE 
cases did not find a significant link with APOE e4 (McKee et al., 2013). 
Hormones: Hormonal change has not been studied extensively in sports-related 
concussion, but changes in hormone production have been associated with PCS. The 
pituitary gland sits at the base of the brain, below and connected to the hypothalamus by 
a thin stalk called the infundibulum. Due to its location and vulnerable connection to the 
brain, the pituitary gland can be injured by trauma.  
The pituitary gland is responsible for hormonal production that is essential for 
reproductive, cognitive, social and emotional maturation.  In studies of adults with mild, 
moderate, and severe traumatic brain injury, between 28 and 69 percent showed pituitary 
dysfunction between 3 months and 23 years post injury (Agha et al., 2004; Bondanelli et 
al., 2004; Kelly et al., 2014; Lieberman, Oberoi, Gilkison, Masel, & Urban, 2001). 
Prospective cohort studies have found that growth hormone (GH) and gonadotropin 
production appear most vulnerable in moderate and severe brain injury, and 
hypothyroidism, adrenal insufficiency, and diabetes insipidus are also risks (Kelly et al., 
2014). GH deficiency can cause fatigue, reduced interest in sex, reduced stamina, 
anxiety, and depression. Reduced production of antidiuretic hormone (ADH) can cause 
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diabetes insipidus, which causes excessive urination and extreme thirst. Children are 
especially vulnerable to ADH deficiency, hypothyroidism, and increases in prolactin 
(Niederland et al., 2007; Rose & Auble, 2012). 
A recent study of veterans exposed to blast injury in Iraq or Afghanistan versus a 
control group of veterans with similar service histories but no blast exposure found that 
42% had abnormal hormone levels related to the pituitary gland, while no controls had 
abnormal findings (Wilkinson et al., 2012). The authors suggest that the symptoms of 
post-traumatic hypopituitarism overlap with post-traumatic stress disorder and post-
concussion syndrome, and suggest screening for hypopituitarism may inform treatment 
and resolve symptoms ascribed to other causes. 
There is also evidence for a chronic relationship between brain trauma and 
hormone deficiency. Studies of retired boxers and kickboxers have found higher than 
normal rates of hypopituitarism (Tanriverdi et al., 2007; Tanriverdi, Unluhizarci, Karaca, 
Casanueva, & Kelestimur, 2010). A 2014 study of retired NFL players found that 23.5% 
had GH deficiency and/or hypogonadism, and found a correlation between HD and 
quality-of-life measures, lending support to the hypothesis that brain trauma can cause 
hormonal dysfunction, although the frequency and magnitude necessary is unknown and 
likely varies by individual (Kelly et al., 2014). 
Ives and colleagues reported the only case report in the literature of multiple 
concussions being associated with hypopituitarism in a 16.5 year-old male soccer player 
(Ives, Alderman, & Stred, 2007). At age 14, he suffered four head traumas in four 
months, only the last of which was reported and diagnosed as a concussion. Based on 
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retrospective questionnaires, 2 of the other 3 traumas were likely concussions. Symptoms 
that led to endocrine testing included failure to grow and declines in strength and 
conditioning. Considering the role of hormones in the “transition phase” from 
adolescence to adulthood, the authors suggest this is an important area of focus for future 
research. 
 
Repeat Concussion 
Risk of Repeat Concussion: A history of previous concussions appears to 
increase the risk of future concussions. Studies of high school and college athletes have 
found that individuals with a history of prior concussion are 2 to 5.8 times more likely to 
sustain an additional concussion in the future (Guskiewicz et al., 2003; Guskiewicz, 
Weaver, Padua, & Garrett, 2000; Hollis et al., 2009; Zemper, 2003). There appears to be 
a window of increased vulnerability to suffering a second concussion. In a study of 
college football players, of those that suffered a second concussion in the same season, 
92% suffered the second concussion within 10 days of the first (Guskiewicz et al., 2003). 
Effect of Short-Term Repeat Concussion in Animal Brain Injury Models: 
Experimental models of repeat mild TBI often find a lack of gross pathology, but show 
evidence of axonal damage, astrocytic reactivity, and other changes. Huh and colleagues 
created a repeat brain injury model in a rat. While single injury did not result in gross 
damage at 7 days, multiple (two or three) impacts caused ventricular enlargement and 
white matter atrophy. Both reactive astrocytosis throughout the cortical layers and axonal 
swellings increased with repeat TBI (Huh, Widing, & Raghupathi, 2007). While the 
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density of the injured axons did not differ between once- and twice injured groups, the 
number of axonal swellings per axon did increase in the twice-injured brains 
(Raghupathi, Mehr, Helfaer, & Margulies, 2004). 
In another study, adolescent mice were given either a sham injury, a single injury, 
or two injuries 24 hours apart, and axonal damage and astrocytic reactivity were 
histologically assessed 24 hours post-injury (M.L. Prins, Hales, Reger, Giza, & Hovda, 
2010). Stains for acute white matter damage were positive in the ipsilateral white matter 
and was significantly greater in animals exposed to repeat TBI than in the single-injury or 
sham-injury animals.  
Glial fibrillary acidic protein (GFAP) was increased in the ipsilateral gray-white 
matter junction in single-injury animals, but animals exposed to repeat injury show a 
bilateral increase in GFAP and astrocytic changes. This study is currently the only 
research addressing the additive effects of repeat TBI in the “adolescent” brain.  
The timing of brain trauma appears to affect the degree of damage. In one animal model, 
the duration changes found in brain glucose metabolism was prolonged if the second 
concussion was delivered within the first 24 hours, but the effects were not cumulative if 
the second blow was delivered after the rat had recovered from the first concussion (M. 
L. Prins, Alexander, Giza, & Hovda, 2013).  
 There is evidence from mouse models that repeat concussion can lead to 
exacerbated impairments (M.L. Prins et al., 2010), and that increasing time between 
concussions leads to better outcomes (Meehan, Zhang, Mannix, & Whalen, 2012). The 
presumed etiology is that during the recovery period, cellular metabolism is stretched to 
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its limits and the cell is increasingly vulnerable to further insults. During the initial 
hyperglycotic period, which lasts about 30 minutes in a rat brain, any further energy 
demand or reduction in blood flow may trigger irreversible neuronal injury. During the 
phase of diminished metabolism, cerebral blood flow may be unable to respond to a 
stimulus-induced increase in cerebral glucose metabolism, resulting in another metabolic 
crisis (Giza & Hovda, 2001). 
Another potential period of vulnerability involves the increased intracellular Ca2+, 
which may impair mitochondrial metabolism at this critical time where adenosine 
triphosphate (ATP) production is most needed. In addition, another influx of Ca2+, may 
trigger a process that results in apoptosis (Giza & Hovda, 2001). 
Effect of Repeat Concussion in Humans: A prospective study of 11-22 year 
olds found that those who had a concussion within the previous year took nearly three 
times longer for full symptom recovery versus those athletes without a previous 
concussion history (35 days vs. 12 days) (Eisenberg et al., 2014). 
In the long term, athletes with previous concussions appear more likely to suffer 
future concussions, and symptom recovery appears to have a longer duration (Committee 
on Sports-Related Concussions in Youth; Board on Children, 2014). The mechanism is 
unclear; theories include a reduced threshold due to lingering chemical and metabolic 
damage, and cumulative axonal damage. It is also unclear the role contemporary 
concussion diagnosis and management played in all historic studies. Even if removal 
from play, RTP, or concussion management was documented, there is no established way 
to calculate the role they played in future concussion vulnerability or recovery. 
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Cumulative Effects of Multiple Concussions in Active Athletes 
Studies looking at the effects of prior concussions in high school athletes have 
primarily focused on self-reported post-concussion symptom scale scores and cognitive 
assessments, and have produced mixed findings. For example, Schatz and colleagues 
(2011) compared post-concussion symptom scale baseline symptoms of 251 high school 
athletes who had no reported concussions with 260 athletes who had had one concussion, 
and 105 athletes who had had two or more. The 22 symptoms in the scale were grouped 
into four clusters: physical (10 symptoms), cognitive (4), emotional (4), and sleep (4). 
The athletes with a history of two or more concussions self-reported significantly more 
symptoms in the domains of cognition, physical symptoms, and sleep symptoms at the 
time of preseason baseline evaluation than those with no history of concussion.  
In contrast, a study by Iverson and colleagues of 867 male high school and 
college athletes with zero, one, or two previous concussions found no group differences 
in neuropsychological test performance or symptom reporting (Iverson, Brooks, Lovell, 
& Collins, 2006). Yet another study that involved members of the same Iverson research 
team found that athletes with three or more concussions had more reported symptoms on 
their baseline test than athletes with zero or one concussions, but the relationship was 
weaker than the effect of developmental problems like attention and learning problems 
and other health problems like headaches (Brooks et al., 2016). 
Vynorius and colleagues asked 58 young adults with multiple concussions to 
complete a battery of self-report evaluations of aspects of cognition and emotional 
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behaviors. Those with multiple concussions were more likely to self-report a decline in 
cognitive or executive functioning, as well as more depression symptoms, than those with 
zero concussions (Vynorius, Paquin, & Seichepine, 2016). A study of active duty United 
States military found that the more prior concussions, the greater incidence of lifetime 
suicidal thoughts and behaviors, including suicidal ideation within the past year (Bryan & 
Clemans, 2013). 
 However, all studies comparing athletes based on prior concussion history are 
weakened by the clear lack of reporting of concussions in youth sports. The way in which 
the question is asked also affects retrospective recall of concussions (Robbins et al., 
2014).  Therefore, any study dividing high school athletes into groups of 0, 1, or 2 
lifetime concussions based on a questionnaire or medical records may not have the 
athletes properly categorized. In addition, nearly all studies looking at concussion history 
have not accounted for interval between concussions, symptom severity, and other 
variables that may be more significant that the number of concussions. 
  
Long-term Effects of Concussion 
Some studies indicate there can be clinical and pathological long-term effects 
from as few as one concussion. Multiple case-controlled studies have provided evidence 
that TBI increases risk of Alzheimer’s disease by 58-82% (Washington, Villapol, & 
Burns, 2016). However, a recent large scale study of three prospective cohorts 
longitudinally followed with postmortem brain examination did not find a relationship 
between one TBI with LOC and Alzheimer’s disease or Alzheimer-related 
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neuropathological changes. Rather, they found a significant relationship between TBI 
with LOC and Parkinson’s disease, parkinsonism, Lewy bodies, and microinfarcts, 
although statistical significance was not adjusted for multiple comparisons (Crane et al., 
2016). Due to the poor quality of historical TBI diagnosis and the evolving diagnostic 
criteria of neurodegenerative diseases, the relationship between single TBI and dementia 
requires further research. 
Tremblay and colleagues looked at neuropsychological and emotional measures, 
in addition to DTI, of 15 former athletes with an average age of 61 and a history of 1 to 5 
concussions, where the last concussion reported occurred decades ago (mean age 24), and 
compared them to control athletes with no self-reported concussions. The concussion 
group had decreased FA, as well as increases in MD and RD measures, primarily in 
fronto-parietal networks as well as in the frontal aspect of the corpus callosum. The 
abnormalities were significantly associated with a decline in episodic memory and lateral 
ventricle expansion. The study also included a test of motor learning. In perhaps the most 
interesting finding, participants with a concussion history and abnormal findings on 
imaging were impaired in learning new motor tasks, while the non-concussed population 
performed with expected improvements over time (Tremblay et al., 2014). 
A survey of 2,552 former NFL players with an average age of 53.8 found that 
11.1% had a prior or current diagnosis of depression, but those with three or more 
concussions were three times more likely to report depression, and those with 1 or 2 
concussions were 1.5 times more likely (Guskiewicz, Marshall, et al., 2007). In a subset 
of 758 players, those with three or more concussions had a five-fold risk of a diagnosis of 
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mild cognitive impairment and a three-fold risk of self-reported memory problems versus 
those without a history of concussion (Guskiewicz et al., 2005). 
Chronic Traumatic Encephalopathy (CTE): Chronic Traumatic 
Encephalopathy is a progressive neurodegenerative disease characterized by the 
widespread deposition of hyperphosphorylated tau (p-tau) as neurofibrillary tangles. In 
2016, McKee and colleagues published the National Institute of Health-National Institute 
of Neurological Disorders and Stroke CTE Criteria, which identified the CTE 
pathognomonic lesion as abnormal perivascular accumulation of tau in neurons, 
astrocytes, and cell processes in an irregular pattern at the depths of the cortical sulci 
(McKee et al., 2016). 
CTE is clinically associated with symptoms of irritability, impulsivity, aggression, 
depression, and short-term memory. Early symptoms include headaches and issues with 
attention and concentration, and CTE has been pathologically verified in athletes as 
young as 17 years old. With advancing disease, more severe neurological changes 
develop that include dementia, gait and speech abnormalities, and Parkinsonism. In late 
stages, CTE may be clinically mistaken for Alzheimer’s disease or frontotemporal 
dementia (McKee et al., 2013).  
Incidence and prevalence are unknown because CTE cannot be diagnosed in vivo. 
One of the only reliable data points is a 1969 randomized survey of boxers in England by 
Roberts that found approximately 20 percent had developed CTE-like symptoms 
(Roberts, 1969). There remain many unknowns, including etiology, genetic and 
environmental risk factors, progression, and if the disease course is modifiable.  
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The Veterans Affairs-Boston University-Concussion Legacy Foundation (VA-
BU-CLF) Brain Bank, the largest CTE brain bank in the world, has found that the 
number of family reported concussions has not correlated with risk or severity of CTE 
(McKee et al., 2013; T. D. Stein, Alvarez, & McKee, 2015). In fact, 16% of confirmed 
CTE cases have had no reported concussion history (T. D. Stein, Montenigro, et al., 
2015). While recognizing that concussions are not always diagnosed or documented, 
there is growing evidence that symptomatic concussion is not required to cause structural 
and functional brain changes. 
 
Undiagnosed Concussions 
All studies looking at brain function in active athletes are limited by a lack of 
concussion reporting and a lack of effective personnel and tools to diagnose concussions. 
There remains the possibility that the results of concussion-focused studies are being 
affected by undiagnosed concussions and the consequences of RHI, especially 
considering some research has indicated that long-term problems are more closely linked 
to RHI than concussion history. 
Research on the short-term and long-term effects of concussions is complicated 
by a lack of reporting and diagnosis of the injury by a medical professional. The vast 
majority of concussions in athletes are not diagnosed because athletes do not report their 
symptoms to a coach, parent, or medical professional (Kroshus et al., 2014). Specifically, 
studies of football and soccer have found that while the reported concussion rate is 
frequently 5-10% of athletes each season in contact sports, more than 50% will report 
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suffering concussion symptoms when surveyed directly (Delaney, Lacroix, Leclerc, & 
Johnston, 2002).  
The Massachusetts Department of Public Health anonymously surveyed high 
school and middle school students in 2008. Eighteen percent of high school and 19% of 
middle school students reported they suffered a, “blow or jolt to the head while playing 
with a sports team (during a game or practice) which caused them to get "knocked out", 
have memory problems, double or blurry vision, headaches or "pressure" in the head or 
nausea or vomiting, in the past 12 months.” Most events were never reported to a medical 
professional or evaluated, so it is impossible to determine how many may not have been 
concussions (MA Dept of Public Health, 2012). 
 Kroshus and colleagues found that while 19% of a cohort of male college ice 
hockey players were diagnosed with a concussion during one season, 55% reported 
suffering concussion symptoms at least once during the season, but not reporting the 
event to the team (Kroshus et al., 2014). A study by Baugh and colleagues found that for 
every concussion diagnosed among college football players, the players reported 
suffering 6 undiagnosed concussions and 21 “dings” (Baugh et al., 2015). 
Multiple factors influence this reporting gap. Kroshus revealed that a lack 
knowledge prevented reporting of concussion symptoms, as 69.7% of the time the 
symptoms were not reported because the athlete “didn’t think it was serious enough, and 
50.6% of the time they “didn’t know it was a concussion.” Competitive reasons were also 
cited, as 48.3% of the time the player “didn’t want to be pulled out of the game or 
practice” and 32.6% didn’t want to let down teammates.  
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Medical infrastructure also appears to play a role in concussion diagnosis rates. 
Youth sports programs rarely have trained medical personnel on the sideline to identify 
and remove players with potential concussions. One study of Canadian ice hockey 
players found that the presence of a doctor actively observing and removing players 
increased the number of diagnosed concussions by seven-fold (Echlin et al., 2010). 
 The uncertainty with acute concussion diagnosis complicates retrospective 
concussion history reporting. A study of subjects that suffered a TBI requiring 
hospitalization found that at 25 years post-injury, fewer than 60% recalled the incident, 
even when carefully cued (McKinlay, Horwood, & Fergusson, 2016). A convenience 
sample of 130 collegiate athletes found that athletes remembered fewer than 60% of 
clinically diagnosed concussions they experienced within the last 20 years (Kerr et al., 
2015).  
Recall of undiagnosed concussion is likely worse, although there are no 
publications on recall rate and degradation of recall over time. One recent study by the 
BU CTE Center Longitudinal Examination to Gather Evidence of Neurodegenerative 
Disease (L.E.G.E.N.D.) Study found that the way in which the question is asked affects 
retrospective recall of concussions (Robbins et al., 2014). This study asked 472 retired 
athletes to self-report their lifetime concussion history. Then the participants were read 
the modern definition of concussion, which included a list of symptoms. After hearing 
the modern definition, the median score per subject more than doubled, from 7 to 15 
lifetime concussions. These findings suggest that studies that divide athletes into groups 
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based on concussion history need to take into account the compounding effects of recall 
bias, undiagnosed concussions, and question wording.  
Changes in concussion management over time also complicates research 
attempting to understand the long-term effects of concussion. Animal model research, 
along with recent studies on humans, suggests that care at the time of injury affects 
course of recovery and long-term sequelae. Prior to the last decade, athletes were allowed 
to remain in play the day of concussion, and that practice was endorsed by the medical 
community. Therefore, it is unclear if studies on the long-term effects of concussions are 
identifying the consequences of the injury or the medical care of the injury.  
Complicating research on the acute and long-term effects of brain trauma even 
further, a new area of research is investigating the effects of repetitive head impacts 
(RHI) in the absence of concussion and finding similar sequelae, which will explored in 
the next section. 
 
Section 3: Repetitive Head Impact Literature Review 
By the 2014 evidence-based definition of concussion, the concussion literature 
clearly shows a relationship between a force to the head that causes neurologic and 
cognitive changes, and short- and long-term sequelae (Carney et al., 2014). However, 
with evidence of poor concussion reporting rates and the lack of an objective diagnostic 
test for concussion, it remains unclear if the brain changes are due to undiagnosed 
concussion, or if subconcussive brain trauma alone can cause changes to brain structure 
and function. A growing body of research is revealing that RHI, in the absence of 
symptomatic concussion, can cause similar neurologic and cognitive changes and may be 
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better correlated with some long-term sequelae. Asymptomatic impacts to the head are no 
longer considered benign, and there is a race to understand the factors required for a force 
to the head to transition from benign to traumatic. 
Chronic Traumatic Encephalopathy: Some of the first evidence that CTE was 
related to more than concussion came from the Roberts 1969 survey of boxers, which 
also found a relationship between prevalence of CTE symptoms and number of years of  
boxing (Roberts, 1969). Other studies in boxing have revealed that the risk of CTE 
increases with a history of knockouts (KOs) or technical knockouts (TKOs), and it has 
also been shown to be correlated with the number of boxing matches, punches taken, or 
simply having a poor record of winning (Critchley, 1957; B.D. Jordan, 1999; B. D. 
Jordan et al., 1992; B. D. Jordan, Matser, Zimmerman, & Zazula, 1996).  
Studies from the VA-BU-CLF Brain Bank have supported the hypothesis that 
CTE risk is more strongly associated with RHI than diagnosed concussions (Cherry et al., 
2016; McKee et al., 2013). McKee and colleagues recently published an 85 brain case 
series of individuals exposed to RHI, the largest CTE case series ever published with 67 
of the 85 having a diagnosis of CTE (2013). Among 35 subjects where football was their 
primary sports, they found that while number of concussions was not significantly 
associated with CTE severity, number of years played, a crude measure of RHI, was 
significantly correlated with severity (P<0.0001). A subsequent study from the same 
brain bank found RHI exposure looked at 66 RHI brains, all football players, and found 
that those without CTE had significantly fewer years of football exposure than those with 
mild and severe CTE (Cherry et al., 2016).  
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RHI and Clinical Long-term Sequelae: Two studies out of the Boston 
University CTE Center Diagnosing and Evaluating Traumatic Encephalopathy Using 
Clinical Tests (D.E.T.E.C.T.) study have explored how age of first exposure to RHI in 
football affects later life brain function and structure. Stern and colleagues found that 
former NFL players who began playing before age 12 had greater cognitive and memory-
related deficits as adults (age range 41-65) than players who started playing at age 12 or 
older (Stamm, Bourlas, et al., 2015). Within the same population using DTI, they also 
found that those who were exposed to RHI in football prior to age 12 had altered anterior 
corpus callosum white matter microstructure. Specifically, they found significantly lower 
fractional anisotropy in regions containing commissural fibers of the prefrontal, premotor 
and supplementary motor, and primary motor regions. In addition, significantly higher 
radial diffusivity was identified in the prefrontal fibers (Stamm, Koerte, et al., 2015). The 
authors hypothesized that RHI during the critical windows of brain development during 
adolescence may permanently impair functional and structural brain development or 
increase the risk of the onset of trauma-related degenerative disease later in life that affect 
cognition. 
 
Impact Sensors in RHI Research 
While the recent research on the long-term effects of RHI is very intriguing, there 
is no objective way to accurately measure historical subconcussive exposure. The helmet-
based HIT System has provided the bulk of the data that allowed for historical estimates 
of RHI. For example, an influential study of college football players found that the 
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average player receives over 950 impacts exceeding 10g each season, with a mean of 20g 
and a peak of up to 180g, and players were recorded receiving more than 1400 measured 
impacts (Gysland et al., 2012).  
High school football players tend to receive fewer overall impacts, but some high 
school players have received over 2,200 impacts > 10g as they frequently play both 
offense and defense, and high school coaches may hold more full-contact practices 
(Broglio, Eckner, Martini, et al., 2011). A more recent study on RHI in high school 
football noted that with new limits on hitting in practice implemented by state athletic 
associations, RHI exposure decreased 42% in one year, from an average of 592 impacts 
per player per season >10 g to 345 impacts (Broglio, Williams, O'Connor, & Goldstick, 
2016). 
Youth football averages fewer overall impacts, but researchers were surprised to 
discover that, despite their lack of speed and mass, the average and peak head 
acceleration of an impact for a seven year-old is similar to that of a college football 
player (Cobb et al., 2013).  
The research version of HITS remains expensive at around $1,000 per unit. A 
consumer version being marketed through Riddell does not provide access to the full data 
set (A. Stein). Since HITS was developed, dozens of companies have entered the market 
to measure the biomechanical properties of brain trauma in real time. Some products are 
entering the commercial marketplace as tools to assist in diagnosis of concussion by 
measuring peak linear and rotational acceleration, and then providing some kind of alert 
to a player, coach, parent, or medical professional. Evidence is still lacking that any of 
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them improve diagnosis rates or outcomes. Guskiewicz and colleagues studied 88 
Division I collegiate football players and concussion risk and severity (2007). Among the 
13 concussions identified, linear regression showed no significant relationships between 
impact magnitude (linear or rotational acceleration) and post-concussion symptom 
severity, balance, or cognitive function. Linear impact magnitudes ranged from 60.51 to 
168.71 g, and the authors have found that in their experience with HITS, <0.35% of 
impacts greater than 80 g have resulted in concussion, giving it little predictive value.  
Studies on high school and college ice hockey players have been published using 
HITS, both finding that college players average more impacts (Brainard et al., 2012; 
Reed et al., 2010). Two studies using the XPatch, a sensor affixed with adhesive to the 
mastoid bone behind either the left or right ear, explores exposure in men’s college 
lacrosse, but did not study any neurological outcomes (O'Day et al., 2017; Reynolds et 
al., 2016). A 2017 study of New Zealand junior rugby players using the XPatch found 
subjects averaged 13 head impacts per match (King, Hume, Gissane, & Clark, 2017). 
Two studies were recently published in collegiate women’s soccer. One study used the 
XPatch to quantify exposure in women’s collegiate soccer and found that 90% of head 
impacts are caused by heading the ball (Press & Rowson, 2017). The other was the first 
to use the Triax SIM sensor, in which an accelerometer is worn inside a headband, and 
explored impact forces from heading in collegiate women’s soccer (Caccese, Lamond, 
Buckley, & Kaminski, 2016). These studies are beginning to lay a foundation for 
understanding RHI exposure in sports, and how factors like position, age, technique, and 
other factors affect individual exposure. 
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Integrating Accelerometer-Based Exposure Data into Long-term Studies 
 While sensors provide a tremendous tool for gathering prospective data, they also 
highlight our inability to accurately assess retrospective exposure.  The BU CTE Center 
created an innovative, systematic way to use published RHI exposure data to estimate an 
athlete’s retrospective exposure to RHI from football; it is called the Cumulative Head 
Impact Index (CHII) (Montenigro et al., 2017). The index is based on self-report 
measures of exposure, largely the subject’s primary position during each year and each 
level of football, combined with objective measures of exposure from the aforementioned 
studies using HITS to measure football exposure. For example, Table 6 shows the data 
used to estimate RHI for football players during their high school years, which was 
derived from a single study by Broglio and colleagues (Broglio, Eckner, Martini, et al., 
2011). 
Table 6. Frequency of Head Impacts >15 g in High School Football by Position 
Position Mean Impacts 
Quarterback 467 
Wide Receiver/Defensive Back 372 
Running Back/Linebacker 619 
Defensive Line/Offensive Line 868 
Source: Montenigro PH et al. Journal of Neurotrauma, 2017. 
 
For college years, the researchers used a weighted average of multiple studies of RHI in 
college football. 
The CHII was used to analyze data from the L.E.G.E.N.D. study, a longitudinal 
registry involving annual telephone-based cognitive assessments and web-based 
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measures of mood, behavior, and cognition. The study group was 93 former high school 
and college football players (average age 47) who had never played another contact sport 
and who self-reported not having suffered a concussion in the previous 12 months, to 
better ensure that any neurological effects captured were related to long-term exposure, 
and not a recent concussion. The cognitive assessment battery included the Brief Test of 
Adult Cognition by Telephone (BTACT), a telephone administered series of six subtests 
measuring episodic verbal memory (Immediate and Delayed Rey Auditory-Verbal 
Learning Test), working memory (Digits Backward), verbal fluency (Animals 
Categorical Fluency), task switching (Red/Green Test), inductive reasoning (Number 
Series), and processing speed (Backward Counting) (Tun & Lachman, 2006). Cognitive 
impairment was defined as a score 1.5 standard deviations below the normative mean.  
The other items were self-report: executive function was assessed using the 
Behavior Rating Inventory of Executive Function - Adult Version (BRIEF-A), depression 
using the Center for Epidemiologic Studies - Depression Scale (CES-D), and using the 
Apathy Evaluation Scale (AES). The tests were selected due to their prior using in TBI 
populations and validated cutoffs that suggested a clinically meaningful impairment. 
A significant association was identified between lifetime exposure, as measured by 
(CHII), and significantly poorer performance on all outcome measures (Montenigro et al., 
2017).  
 In the LEGEND study population, the risks of emotional, cognitive, mood and 
psychiatric symptoms appear to increase with an increase in lifetime total brain trauma in 
a dose-response relationship, with a measureable increase in risk every ~1400 head 
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impacts. Most outcome measures had a similar threshold response of about 2,000 
impacts, with the notable exception of the Brief Test of Adult Cognition, which had a 
threshold of 7,251 impacts (Table 7). 
Table 7. Threshold mean CHII for Dose-Response in Former Football Players 
 
 Outcome Measure Clinical Domain Threshold Mean CHII 
Emotional Regulation Index of the 
BRIEF-A    Behavior 2216 
Metacognition Index of the BRIEF-A   Metacognition  2393 
Global Executive Composite of the 
BRIEF-A 
Executive 
Function 1850 
Center for Epidemiologic Studies 
Depression Scale Depression 1801 
Apathy Evaluation Scale  Apathy  2160 
Brief Test of Adult Cognition by 
Telephone Cognition  7251 
Source: Montenigro PH et al. Journal of Neurotrauma, 2017. 
 
RHI and Short-term Sequelae 
Investigators are now exploring the short-term effects of subconcussive RHI on 
brain structure and function using similar methods as has been reported in the concussion 
literature. Some of the earliest studies did not identify short-term effects from one season 
of exposure. For example, Gysland and colleagues measured college football using HITS 
and found no association between pre- and postseason test scores and exposure on a 
battery including the Automated Neuropsychological Assessment Metrics (a computer 
based cognitive battery measuring attention, concentration, reaction time, memory, 
processing speed, and decision-making), Sensory Organization Test (balance), 
Standardized Assessment of Concussion (orientation, immediate and delayed memory), 
Balance Error Scoring System (balance), and Graded Symptom Checklist (self-report 
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physical, cognitive, emotion, and sleep symptoms) (Gysland et al., 2012). Other similar 
studies have not found cognitive or physiological changes in the high school or collegiate 
population (Gysland et al., 2012; Miller, Adamson, Pink, & Sweet, 2007). 
Cognition: McAllister and colleagues examined repetitive head impacts over a 
single season in college football and ice hockey athletes compared to noncontact athletes 
(McAllister et al., 2012). Along with using HITS sensors, subjects took pre- and 
postseason ImPACT tests, and a subset took a paper-and-pencil neuropsychological 
battery and had pre- and postseason neuroimaging.  
The study reported that players who had greater exposure performed worse on 
measures of new learning in the form of the California Verbal Learning Test.  Further, 
the authors reported that frequency of exposure above the 95th percentile in the final 
week of the season was related to poorer performance on the Trail Making test, a measure 
of visual attention and task switching. In addition, peak linear acceleration for the season 
was related to slower ImPACT reaction times.  
Balance: Miyashita and colleagues recently published that head impact frequency 
and severity among male collegiate lacrosse players, as measured by the GForce Tracker 
sensor, was correlated with a decline in performance on the Balance Error Scoring 
System, a clinician administered balance test (Miyashita, Diakogeorgiou, & Marrie, 
2017).  
Electrophysiology: An innovative study out of Scotland recently exposed 
subjects to machine-projected soccer balls in the laboratory to simulant soccer exposure. 
They measured cognition using the Cambridge Neuropsychological Test Automated 
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Battery (CANTAB, a computerized battery of cognitive tests measuring memory, 
executive function, attention, decision making, and social cognition), and sinorticomotor 
inhibition using transcranial magnetic stimulation. After one exposure to 20 headers, they 
were able to identify cognitive deficits on the Spatial Working Memory task and the 
Paired Associated Learning test. They also found electrophysiological alterations in the 
form of a longer cortical silent period, making this the first study to show direct evidence 
for acute changes to corticomotor function and changes to memory function following 
routine soccer heading (Di Virgilio et al., 2016). 
Imaging: Talavage and colleagues have used fMRI to examine blood 
oxygenation–dependent brain activity following repetitive head impact (Talavage et al., 
2014). Eleven male high school football players ages 15 to 19 were given pre- and 
postseason assessments using ImPACT as well as fMRIs. They found a negative 
association between the number of subconcussive repetitive impacts to the front of the 
head, and activity in the prefrontal cortex during a working memory test. The players also 
had visual memory deficits on the ImPACT assessment (Breedlove et al., 2012). 
Talavage, Svaldi and colleagues have since explored how exposure is related to 
cerebrovascular reactivity using fMRI and breath holding to increase the level of carbon 
dioxide in the blood (Svaldi et al., 2016). Cerebrovascular reactivity is a compensatory 
mechanism that regulates cerebral blood flow in response to carbon dioxide retention and 
has been shown to be a robust, independent predictor of outcome following TBI. They 
identified neurophysiologic changes consistent with those seen in concussion in 
asymptomatic high school girls soccer players with greater exposure. The same group has 
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also found alterations in brain metabolism as measured by magnetic resonance 
spectroscopy in athletes exposed to RHI in the absence of concussion (Poole et al., 2015). 
In 2012, Bazarian and colleagues used DTI to measure FA and MD changes in 
nine high school-age football and ice-hockey players and six non-athlete controls. One 
athlete suffered a concussion during the study period and had the greatest change in FA 
and MD, 3.2%, 3.44% respectively. Contact sport athletes, who self-reported 
subconcussive exposure between 26 and 399 impacts during a 3-month interval, ranged 
between .15% and 1.05% on FA and .17 and 1.48% on MD. Controls, who presumably 
had no RHI exposure (but it is not stated in the study) ranged between .01% and .28% on 
FA and .05% and 0.48% on MD. The results were significant for the single concussed 
athlete, but not the healthy contact sport athletes versus controls (Bazarian, Zhu, Blyth, 
Borrino, & Zhong, 2012). 
In 2017, Mayinger and colleagues explored DTI findings in college football 
players over the course of a single season and again six months later. They found that 
changes in FA, radial diffusivity, and axial diffusivity that were correlated to exposure at 
postseason assessment resolved with six months of rest, suggesting remission of white 
matter alterations (Mayinger et al., 2017).  
Younger football players are now being studied, with the first study on exposure 
and imaging in youth football (ages 8-13) published in 2016. Using HITS to measure 
exposure and DTI at pre- and postseason, they found a statistically significant 
relationship between RHI and change in FA value in multiple areas where white and gray 
matter intersect (Bahrami et al., 2016). 
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Lipton and colleagues studied 37 amateur male and female soccer players 
(average age: 31) with DTI and retrospective self-reported headers. Frequent headers 
(885 to 1500 headers per year) showed reduced fractional anisotropy on DTI. Those 
above 1,800 headers also had reduced memory scores on a CogState neuropsychological 
assessment (Lipton et al., 2013). In 2017, the same group surveyed 222 adult amateur 
soccer players with a questionnaire asking questions about exposure to RHI in soccer in 
the prior 2 weeks and found that intentional and unintentional head impacts are each 
independently associated with moderate to severe central nervous system symptoms.  
Serum Biomarkers: A study by Marchi and colleagues used DTI and serum 
measurements of S100B and S100B auto-antibodies to evaluate the effect of 
subconcussive brain trauma (Marchi et al., 2013). Sixty-seven college football players 
were enrolled, and in a subset of 15 players, only those players with the highest score on 
a measure of subconcussive head impacts (based on self-report and post-game review of 
the game film, 0-6 scale) had detectable serum levels of S100B and elevated levels of 
auto-antibodies against S100B (Marchi et al., 2013). Serum S100B antibodies predicted 
lasting changes in mean brain white matter diffusivity in a subset of players who had DTI 
scans pre- and postseason and at six months followup. Postseason S100B auto-antibodies 
also correlated with impulse control and balance problems.  
Other Symptoms: While most of the recent short-term RHI literature has 
mirrored the concussion literature in methods and outcomes measured many relationships 
explored in the TBI literature are unexplored in RHI, including the short-and longer term 
effects of RHI on depression, anxiety, sleep, headache, and hormones.   
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Summary 
The research to date on sports related head injury has primarily focused on 
concussions, but it is becoming increasingly apparent that the cognitive and emotional 
effects of RHI is also a serious public health concern. Understanding exposure thresholds 
for disruption of brain function is of critical interest. This study aims to test the effects of 
a season of subconcussive RHI on male high school football players, male high school 
lacrosse players, and male and female high school soccer players versus noncontact 
athlete controls using a preseason and postseason cognitive and other emotional symptom 
assessment battery.  
Prior research has primarily focused on cognitive outcomes using the ImPACT 
test. This study will expand the cognitive battery using a novel device and test while 
adding validated assessments of mood, sleep, and headache. The study will gather RHI 
exposure data by utilizing the only commercially available accelerometer that can be used 
in both helmeted and unhelmeted sports, the Triax Sim-G. The primary hypothesis is that 
subjects with greater RHI will have greater negative changes on the test battery over the 
course of one season, and that measures of exposure will inform that relationship. 
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CHAPTER TWO 
 
Section 1: Specific Aims of Study 1 
Specific Aim: To explore the effects of one season of repetitive head impacts (RHI) 
exposure on cognition, emotion, sleep, and headache in male high school football players, 
male and female high school soccer players, and male lacrosse players compared to a 
comparison group of male and female noncontact sport athletes.  
 
Hypothesis 1: On postseason measures, contact sport athletes will be more likely than 
noncontact comparisons to have negative changes from preseason baseline, including 
poorer cognitive performance, increased self-reported incident depression, anxiety, and 
emotion-related symptoms, reduced quality of sleep, and more frequent headaches.   
 
Hypothesis 2: Athletes with the greatest frequency of RHI (e.g. football) will illustrate 
more significant negative changes in cognition, emotion and sleep from their baseline on 
postseason measures compared to noncontact athletes. 
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Section 2: Research Design and Methods 
Participants: One-hundred thirty-four high school athletes from three high 
schools were recruited over four sports seasons from August 2015 to November 2016. 
Initially, the goal was to complete data collection in one or two seasons at three schools 
in 2015. However, one school that had initially agreed to participate in 2015 withdrew 
one month prior to the study launch due to concerns about staff time required to 
coordinate the study. The involvement of School 3 was postponed for one season after 
school district attorneys determined they required a separate consent form for students 
and parents that was not approved in time for the 2015 fall season.  
School 1 is a co-educational private day school in eastern Pennsylvania that 
enrolled over 800 pre-kindergarten through 12th grade students during the 2016-17 school 
year. Demographic information was unavailable. School 2 is a co-educational public 
school in northern California, enrolling about 1,100 9th through 12th graders. Seventy-one 
percent identify as minorities, and 57% are economically disadvantaged (US News & 
World Report, 2016b). School 3 is a co-educational public school in suburban Boston, 
Massachusetts, enrolling over 1,000 9th through 12th graders. Three percent identify as 
minorities, and 6% are economically disadvantaged (US News & World Report, 2016a).  
No athletes were excluded who were healthy enough to participate on a sports 
team. Athletes were excluded from postseason testing if they suffered a concussion 
during the season and were not cleared to return to play by the end of the season. 
Six subjects were lost to follow-up due to illnesses and absences during the 
postseason testing days and did not respond to requests to reschedule. Four subjects 
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voluntarily withdrew from the team during the season and did not respond to requests for 
follow-up testing. Four subjects returned consent forms but dropped out before 
conducting any tests. One athlete was lost to follow-up due to a physician-diagnosed 
unresolved concussion at the time of postseason testing, leaving 119 subjects that were 
included in the analysis. 
Recruiting and Consent: Participants were recruited using information sessions, 
email, and flyers. Study design and consent forms were approved by the Boston 
University Medical Center Institutional Review Board (IRB) (H-34260). All participants 
provided written informed consent or written parental consent and written study assent 
prior to the start of the season. Participants did not receive any remuneration or rewards 
for their participation, with the exception of spring 2016 participants, who were eligible 
for a drawing to attend a professional hockey game and a professional wrestling event. 
Assessments: An identical battery of tests was performed at both sessions by the 
investigator or by trained volunteers (Table 8).  
Cognition: All athletes underwent the Immediate Post-Concussion Assessment 
and Cognitive Test (ImPACT) (ImPACT Applications, Pittsburgh, Pennsylvania, USA), 
a widely used computerized neuropsychological screening tool, at preseason (PRE) and 
again at postseason (POST) (M. R. Lovell & Collins, 2002). Most subjects were 
administered the test on the school account and as part of the school protocol. For the 
School 2 postseason battery, the investigator acquired an account and administered the 
test. ImPACT consists of eight subtests: immediate and delayed word recall, immediate 
and delayed design recall, symbol match, a three letter working memory task, an X's and 
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O's attention test, and a color match test. There are five alternative forms for baseline 
testing and post-injury assessments; the baseline assessment was used for both PRE and 
POST. ImPACT provides six subscores: a verbal memory composite (VeM), a visual 
memory composite (ViM), a visual motor speed composite (VMS), a reaction time 
composite (RT), an impulse control composite (IC), and a total symptoms score (TSS). 
Intraclass correlation coefficients for test retest reliability for non-concussed high school 
athletes approximately two years apart has been reported as 0.46 for VeM, 0.65 for ViM, 
0.74 for VMS, 0.68 for RT, and 0.43 for TSS (Schatz, 2010).  
The TSS utilizes the Post-Concussion Symptom Scale (PCSS), a 22 item 
concussion symptom checklist that uses a seven-point Likert scale, which allows subjects 
to self-report symptom presence and severity on a scale of ‘0’ (not present) to ‘6’ (severe) 
(M. R. Lovell et al., 2006). On the PCSS, multiple prior concussions are associated with 
higher preseason (baseline) symptom scores (Mannix et al., 2014). 
In addition, ImPACT provides a cognitive efficiency index score. The Cognitive 
Efficiency Index (CEI) measures the interaction between accuracy (percentage correct) 
and speed (reaction time) in seconds on the Symbol Match test. According to ImPACT, 
this score was not developed to make return to play decisions but can be helpful in 
determining the extent to which the athlete tried to work very fast on symbol match 
(decreasing accuracy) or attempted to improve their accuracy by taking a more deliberate 
and slow approach (jeopardizing speed). The range of scores is from approximately zero 
to approximately .70 with a mean of .34. A higher score indicates that the athlete did well 
in both the speed and memory domains on the symbol match test. A low score (below 
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.20) means that they performed poorly on both the speed and accuracy component. If this 
score is a negative number, the test taker performed very poorly on the reaction time 
component. The ImPACT uses this score as a test validity criteria to assess for grossly 
inadequate effort during the baseline assessment and is described elsewhere (M. Lovell, 
2012). 
Clock Drawing: The Clock Drawing Test (CDT) is a widely used test of 
visuoconstruction. It is regularly used to differentiate demented from non-demented 
populations, and has been shown to be sensitive to subtypes of dementia (Libon, 
Malamut, Swenson, Sands, & Cloud, 1996; Royall, Cordes, & Polk, 1998). It is also 
widely used by primary care physicians, neurologists, and neuropsychologists as part of a 
screening for cognitive changes (Strub, Black, & Strub, 1985). This will be the first study 
in which it has been used in a subconcussive brain trauma setting. Clock Drawing has 
two subtests. First, in ‘Command’ the subject is asked to draw a clock from memory set 
to a specific time. Second, a subject is asked to draw a ‘Copy’ of an image of a clock set 
to a specific time. The Command version requires greater cognitive demand, specifically 
requiring executive function as well as attention and perceptual processes (Cohen et al., 
2014).  
Evaluating the CDT has been limited by multiple published methods to score the 
test. This test battery used a patented digital Clock Drawing Test (dCDT) (Massachusetts 
Institute of Technology/Lahey Clinic, Randall Davis, Ph.D. and Dana Penney, Ph.D.), 
which uses a digital pen and proprietary scoring algorithms to capture over 2000 data 
points, allowing for the entire drawing process to be evaluated, consistent scoring across 
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administrators and sites, perfect inter-rater reliability, and playback of the drawing 
process with precise timing. Tests were scored by a member of the research team and 
confirmed by a member of the test development team. Eight variables measuring aspects 
of cognition were analyzed based on previous research and the recommendation of the 
test development team, including Total Drawing Time (Total time it took to draw the 
clock), Post Clock Face Circle Latency (Time between drawing of clock face and 
whatever is drawn next), Pre 1st Hand Latency (Time between whatever was drawn 
before the first clockhand and starting to draw that clock hand), Pre 2nd Hand Latency 
(Time between whatever was drawn before the second clockhand and starting to draw 
that clock hand), Interdigit Latency (Average time lag between drawing digits), Total 
Time Pen Was Writing, Total Think Time (Total time minus time pen was writing), and 
Think/Ink Ratio (Percent time participants spent thinking versus writing). 
 Trail-Making Test (TMT) A (Trails A) and Test B (Trails B): A widely used 
and validated neurocognitive measure, the TMT provides information on visual search, 
scanning, speed of processing, mental flexibility, and executive functions (Reitan, 1955). 
The TMT consists of two parts. TMT-A requires the subject to draw lines sequentially 
connecting 25 numbers on a sheet of paper, and is considered to provide a measure of 
processing speed. The variable of interest is total time to completion, although pen lifts 
and errors are also tracked. 
For TMT-B, the subject must alternate between connecting numbers and letters in 
consecutive order (1, A, 2, B, etc.). TMT-B is considered an emotional measure of the 
ability to shift between cognitive sets, commonly attributed to the frontal lobes. The 
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timed score represents the time it takes to complete each test. Subtracting TMT-A from 
TMT-B completion time is a common method of isolating the role of processing speed in 
test performance (Strauss, Sherman, & Spreen, 2006). 
Premorbid Intelligence: To assess premorbid intelligence, subjects were given 
the American version of the Nelson Adult Reading Test (AmNART), originally 
developed in 1932 (Nelson, 1982). The AmNART requires the subject to pronounce a list 
of 50 irregular words, and is scored by counting the number of correctly pronounced 
words. The NART has been shown to be valid in providing an estimate of premorbid 
ability in a demented and non-demented population (McGurn et al., 2004). The authors 
demonstrated that, after controlling for age 11 intelligence quotient (IQ) test scores, mean 
NART scores did not differ in people with and without dementia. The correlation 
between age 11 IQ and NART scores at about age 80 was similar in the groups with (r = 
0.63, p < 0.001) and without (r = 0.60, p < 0.001) dementia. In the referenced study, the 
age 11 IQ test was the Moray House Test, which itself is correlated at 0.8 with the 
Stanford-Binet test, a more commonly used IQ test in recent decades (Scottish Council 
for Research in Education, 1933).  
Emotion: The NIH Toolbox for Assessment of Neurological and Behavioral 
Function Emotion battery was used to assess emotion. The assessment was developed to 
identify or develop brief measures of emotion for use in prospective epidemiologic and 
clinical research (Salsman et al., 2013). It was created in recognition of emotional life 
and its impact on health, and the battery was designed to assess emotion beyond negative 
emotion and emotional distress. An emphasis was placed on psychological well-being 
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and positive functioning, such as adaptability, resilience, and self-efficacy, and the 
importance of the interpersonal and social context of emotion. According to the 
development team, a psychometric review identified existing self-report and proxy 
measures of these subdomains with measurement characteristics that met the NIH 
Toolbox criteria. Robust item banks were developed to assess concepts of interest in 
cases where adequate measures did not exist. 
A population-weighted sample was then recruited by an online survey panel to 
provide initial item calibration and measure validation data. Participants aged 8 to 85 
years completed self-report measures. Data were analyzed using a combination of classic 
test theory and item response theory methods, yielding efficient measures of emotional 
health concepts (Salsman et al., 2013). The final test has 4 central subdomains: Negative 
Affect, Psychological Well-Being, Stress and Self-Efficacy, and Social Relationships. 
Ten of twelve self-report measures designed for subjects age 13 to 17 were used: Anger, 
General Life Satisfaction, Positive Affect, Perceived Stress, Self-Efficacy, Perceived 
Hostility, Perceived Rejection, Emotional Support, Friendship, and Loneliness. The 
Sadness battery conversion table required to score the fixed-length test was not complete 
at the time of writing. The Fear battery used was not yet final, and the final version added 
two questions, rendering the Fear questions unable to be scored. This is the first time the 
NIH Emotion Battery has been used in a sports-related brain trauma study. 
Sleep: The PROMIS Sleep Disturbance and PROMIS Sleep-Related Impairment 
questionnaires were developed for PROMIS (Patient-Reported Outcomes Measurement 
Information System), a National Institutes of Health Roadmap initiative. These 27 and 16 
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item tests, respectively, have moderate to high correlations with existing scales and 
significant differences in sleep disturbance and sleep-related impairment scores between 
participants with and without sleep disorders (Buysse et al., 2010). 
Along with the PROMIS Sleep-Related Impairment tool, the PROMIS sleep tests 
are meant to function as generic measures appropriate for gauging the severity of sleep-
wake problems on a continuum, applicable across a range of conditions. Categories 
include qualitative, quantitative, behavioral, and symptom-based dimensions of sleep, as 
well as domains assessing sleepiness and the perceived daytime correlates of nocturnal 
sleep. The Computer-Adaptive Test (CAT) version of the questionnaire was used.  
Headache: The Headache Impact Test (HIT-6) is a six-item scale that measures 
the impact of headache on quality of life. Items were selected from an existing item pool 
of 54 items and from 35 items suggested by clinicians. Items were selected and modified 
based on content validity, item response theory (IRT) information functions, item internal 
consistency, distributions of scores, clinical validity, and linguistic analyses. The HIT-6 
was evaluated in an Internet-based survey of headache sufferers (n = 1103) who were 
members of America Online. After 14 days, 540 participated in a follow-up survey. 
Internal consistency, alternate forms, and test-retest reliability estimates of HIT-6 were 
0.89, 0.90, and 0.80, respectively. Full development and validation is covered in Kosinski 
2003, and it has also been validated in chronic migraine sufferers (Kosinski et al., 2003; 
Rendas-Baum et al., 2014). The screen has been found to correlate well with the 36 item 
Short-Form General Health Survey (Kawata et al., 2005). In one major study, the mean 
  
77 
score for a non-migraine population was 49.1 ± 8.7, an episodic migraine population was 
60.1 ± 7.8, and a chronic migraine population was 62.5 ± 7.8. 
Health and Sports History: Athletes filled out a questionnaire covering 
demographic information, medical and health history, concussion history, sports history, 
and recent brain trauma exposure history. The custom health history questionnaire was 
based on the NCAA Care Consortium questionnaire (Broglio et al., 2017) asking 
questions of neurological history, recent injury history, and medications that may affect 
mood or cognition. An additional sports section covered sport played, position, history 
within that sport, other contact sports within the last year, and additional concussion 
history questions were informed by the BU LEGEND study (Robbins et al., 2014). A 
questionnaire for parents to provide corroboration was considered, but in consultation 
with school administrators after initial recruiting struggles, ultimately rejected due to 
concerns about enrollment and compliance.  
Concussion History: Concussion history was ascertained by providing a modern 
definition of concussion used in the Boston University L.E.G.E.N.D. (Longitudinal 
Examination to Gather Evidence of Neurodegenerative Disease) Study (Robbins et al., 
2014). Subjects were then asked to provide their number of previous concussions based 
on that definition, along with date, whether there was loss of consciousness, and length of 
recovery for each concussion.  
Testing Administration: The protocol called for subjects to complete the 
preseason battery prior to the beginning of the season, and the postseason battery within a 
week of the season ending. For fall sports, where students and staff did not arrive on 
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campus until the first day of practice, the protocol was adjusted to baseline test the 
athletes during the first three days of practice and prior to the first day of contact practice. 
All but 5 subjects successfully completed testing within this timeframe, with 2 
noncontact athletes completing preseason testing beyond the 72 hour period. Three 
subjects delayed postseason testing beyond seven days after the last game, with the 
longest 22 days after the last game. There was an average of 85.1 ± 9.2 (range 54.0-
108.5) days between PRE and POST testing. 
 The exception to the testing timeline was administration of the ImPACT test. The 
ImPACT test was part of the standard preseason testing battery at each school. To 
minimize subject burden and practice effects, the decision was made to continue to allow 
the school to administer the test on their timeline. That resulted in ImPACT tests being 
delayed for 18 football players at School 3 for three weeks, until school began and 
computers were distributed to students. The test was given prior to the second game. At 
School 1, for 5 athletes enrolled in two non-consecutive seasons, a postseason ImPACT 
test was accepted as preseason for the next season despite a time delay to minimize 
practice effects. Additionally, at School 1, six athletes had preseason ImPACT tests lost, 
and a prior baseline ImPACT score was used from the previous two years. 
 The NIH Emotional Battery, PROMIS Sleep Battery, HIT-6, and health and 
sports history data were collected and managed using REDCap electronic data capture 
tools hosted at Boston University School of Medicine (Harris et al., 2009). REDCap 
(Research Electronic Data Capture) is a secure, web-based application designed to 
support data capture for research studies, providing 1) an intuitive interface for validated 
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data entry; 2) audit trails for tracking data manipulation and export procedures; 3) 
automated export procedures for seamless data downloads to common statistical 
packages; and 4) procedures for importing data from external sources. 
Table 8. Assessment Battery, Metrics, Domains Measured, and Administration 
Assessment Domain Metric Administration 
ImPACT Test   
Self-contained web-based 
test 
VeM Verbal memory Proprietary score 
ViM Visual memory Proprietary score 
VMS Visual motor speed Proprietary score 
RT Reaction time Time 
ICC Impulse control Proprietary score 
TSS 
Concussion 
Symptoms 
Score 
CEI Cognition Proprietary score 
Digital Clock Drawing 
Command & Copy 
Cognition Time 
Investigator, digital pen 
and proprietary paper 
Trails A & B Cognition Time Investigator, pen & paper 
AmNART 
Premorbid 
Intelligence 
Score Investigator, pen & paper 
NIH Emotion Battery Emotion T-Score REDCap 
PROMIS Sleep Battery Sleep T-Score REDCap 
Headache Impact Test 6 
(HIT-6) 
Headache frequency 
& severity 
Score 
REDCap 
Health and Sports History Covariates NA REDCap 
 
Sensor data: Athletes involved in contact sports wore sensors during practices 
and games.  Details of the sensor methods and data are described in the second study.  
Statistical Analyses: SAS Version 9.4 (SAS Institute, 2013) was used for all 
statistical analyses. Contact, football, soccer, and noncontact sport athletes were 
compared using means and t tests for continuous variables. Each variable of interest was 
examined separately. Two-tailed significance for all comparisons was set at p < 0.05. 
With 39 individual assessments, Bonferroni corrected significance was set a p < 0.0006. 
Given the number of subjects evaluated and the resultant power to detect change, this 
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study had an 82.5% power to detect a Cohenʼs d of 0.66 for change from PRE to POST. 
Relationships between groups on data unrelated to the study hypothesis, like basic 
demographic information, was not evaluated per best practice. All models were adjusted 
for sex, race, ethnicity, premorbid intelligence, current treatment with prescription 
depression medication, injury in the last month, and previous concussion.  
 
Section 3: Results 
The results reported are from 119 subjects who completed both the preseason 
(PRE) and postseason (POST) assessment for either ImPACT, dCDT, or REDCap 
administered tests. Nine subjects from School 1 volunteered for two separate seasons, and 
each season was treated as a unique subject. No volunteers who participated two times 
played a school-based contact sport in the season prior to their second enrollment. 
Seventy-two subjects (50 male, 22 female) were enrolled in the contact sport group 
(football, boys lacrosse, boys and girls soccer), and 47 subjects (29 male, 18 female) from 
13 sports made up the noncontact control group.  
 In the contact group, 74% were White, while in the noncontact group, 68% were 
White. A greater share of the contact group identified as Hispanic or Latino (contact: 
17% vs noncontact: 4%) (Table 9). Thirty-five percent of contact athletes self-reported a 
history of at least one concussion, while 43% of noncontact had a history of at least one 
concussion. Eight perfect of contact sport athletes reported 3 or more previous 
concussions, while 2% of noncontact athletes reported three or more.  
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Table 9. Demographics and Concussion History 
 Contact Noncontact Total 
  N %  n %  n % 
Total 72 61% 47 39% 119   
Male 50 63% 29 37% 79   
Female 22 55% 18 45% 40   
Race   
American Indian or 
Alaskan Native 
1 1% 1 2% 2 2% 
Asia 3 4% 6 11% 9 7% 
Black or African 
American 
4 5% 5 9% 9 7% 
Hawaiian/Pacific 
Islander 
0 0% 1 2% 1 1% 
White 57 74% 38 68% 95 71% 
Unknown 0 0% 1 2% 1 1% 
Prefer not to answer 9 12% 0 0% 9 7% 
More than 1 3 4% 4 7% 7 5% 
Ethnicity  
Hispanic or Latino 12 17% 2 4% 14 12% 
Not Hispanic or Latino 51 71% 43 91% 94 79% 
Unknown 7 10% 1 2% 8 7% 
Prefer not to answer 2 3% 1 2% 3 3% 
Concussion History    
Any 25 35% 20 43% 45 38% 
1 15 21% 14 30% 29 24% 
2 4 6% 5 11% 9 8% 
3 or more 6 8% 1 2% 7 6% 
 
The average age of the contact group less than the noncontact group (contact: 15.4 
years old vs noncontact: 16.3) and the contact sport group consisted of primarily 
freshman (56%), while the sophomores were the most frequent noncontact subjects 
(43%) (Table 10). The majority (64%) of contact sport athletes, and 100% of the football 
players, were recruited in the fall of 2016. The average AmNART score of the contact 
group was 22.5 (SD ±7.0) and the average AmNART score of the noncontact group was 
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22.1 (SD ±7.2). T-tests for statistical significance for between-group differences were not 
conducted as they were not related to the study hypotheses, per the guidelines of the 
American Statistical Association (Wasserstein & Lazar, 2016). 
Table 10. Age, Year, and Premorbid Intelligence 
 Contact Noncontact 
Age Mean (SD) Range Mean (SD) Range 
Average age 15.4 (1.1) 14.0-18.6 16.3 (1.1) 14.2-18.6 
Premorbid 
Intelligence 
    
AmNART 21.6 (7.0) 6-37 23.7 (7.2) 8-36 
Education N % N % 
Freshman 40 56% 10 21% 
Sophomore 13 18% 20 43% 
Junior 8 11% 8 17% 
Senior 11 15% 9 19% 
Season       
Fall 2015 21 29% 8 17% 
Winter 2015 0 0% 20 43% 
Spring 2015 5 7% 15 32% 
Fall 2016 46 64% 4 9% 
 
The contact sport group consisted of members of the football team (n=30), boys 
lacrosse team (5), and boys (15) and girls (22) soccer teams. The noncontact group 
included athletes from 13 sports including baseball (10), boys (5) and girls (10) 
basketball, boys (5) and girls (2) cross-country, girls tennis (5), girls lacrosse (2), boys (2) 
and girls (1) track, girls volleyball (1), girls squash (1), softball (1), and boys crew (1) 
(Table 11). One member of the boys lacrosse team was injured for the entire season and 
served as a noncontact control.  
The majority of subjects (79) were recruited from School 1 over four seasons. 
Twenty-eight subjects were recruited from School 2, and 12 subjects from School 3 
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(Table 11). One hundred percent of the football players came from Schools 2 and 3, 
while 100% of the soccer players were enrolled at School 1. Eighty-seven percent of 
controls were from School 1. 
Table 11. Subject Sport and School 
Sport School 1 School 2 School 3 Total 
Football 0 18 12 30 
Girls Soccer 22 0 0 22 
Boys Soccer 15 0 0 15 
Baseball 10 0 0 10 
Girls Basketball 3 7 0 10 
Boys Cross Country 5 0 0 5 
Girls Tennis 5 0 0 5 
Boys Basketball 5 0 0 5 
Boys Lacrosse 5 0 0 5 
Girls Lacrosse 2 0 0 2 
Boys Track 0 2 0 2 
Girls Cross Country 2 0 0 2 
Girls Track 0 1 0 1 
Girls Volleyball 1 0 0 1 
Girls Squash 1 0 0 1 
Boys Crew 1 0 0 1 
Softball 1 0 0 1 
Injured Male 1 0 0 1 
Total 79 28 12 119 
 
One-hundred and nine subjects completed the ImPACT Test, 107 completed the 
NIH Emotion Battery, 105 completed the PROMIS Sleep Battery and the HIT-6, 91 
completed Trails A & B, and 88 completed the dCDT (Table 12). Ten subjects were not 
able to provide ImPACT scores, six due to administration errors made by one school and 
four due to a school-contracted hospital withholding baseline ImPACT scores (After the 
season, the hospital required an additional consent from parents, and language barriers 
prevented coordination, despite help from the school and hiring a translator to assist. The 
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head coach was unable to assist due to developing a serious illness at the end of the 
season).  
 The NIH Emotion Battery, PROMIS Sleep Battery, and HIT-6 were not 
completed by 12, 14, and 14 subjects, respectively, primarily due to scheduling 
difficulties. Subjects were frequently administered the test battery during a free period 
during school, typically lasting 40 to 50 minutes. They began their testing protocol with 
ImPACT because it had to be administered by the school athletic trainer. If they were 
unable to complete the full battery they were asked to complete those batteries during a 
future free period or at home with a link to the online survey through REDCap. Some 
subjects (n=6) did not complete the battery despite reminders.  
Twenty-eight subjects did not complete dCDT and Trails A & B due to 
scheduling issues or absences when the investigator was on campus. Subjects could not 
make up the dCDT remotely due to a lack of hardware at the study site, as the digital pen 
remained with the investigator. In addition, three dCDTs were not able to be used due to 
malfunctions with the digital pen data collection or file uploads.  
There was an average of 84.4 days (SD=10.3, range 50.7-108.5) between PRE 
and POST for the NIH Emotion Battery, PROMIS Sleep Battery, and the HIT-6.  
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Table 12. Number of Subjects Completing PRE and POST by Measure 
 Contact Noncontact Total 
ImPACT 64 45 109 
dCDT 59 29 88 
Trails A&B 63 28 91 
NIH Emotion Battery 65 42 107 
PROMIS Sleep Battery 63 42 105 
HIT-6 63 42 105 
 
To test the primary hypothesis, that contact sport athletes would have greater 
negative change from PRE to POST than noncontact athletes, paired t-test comparisons 
were used to compare the mean change from PRE and POST for all measures between 
contact and noncontact (Tables 13 & 14). For every analysis, scores for each dependent 
variable were tested for equality of variances, and the appropriate pooled or Satterthwaite 
method was used to determine the p value. Scores were adjusted for covariates including 
sex, race, ethnicity, AmNART score, current treatment with prescription depression 
medication, injury in the last month, and previous concussion. 
The analysis revealed that performance difference between PRE and POST 
assessments by contact sport athletes were not significantly different from that of non-
contact sport athletes for the cognitive tests and self-report evaluations of emotion, sleep, 
and headache. The only statistically significant association identified dCDT Command 
Pre 1st Hand Latency, where contact sport athletes showed greater improvement than 
noncontact, but significance did not survive Bonferroni correction. This result is partially 
explained by the fact that contact athletes performed significantly worse than noncontact 
at PRE, but not at POST (Table 17 and further explanation below). 
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Table 13. Contact versus Noncontact Change PRE to POST, Cognition 
Cognitive measures Estimate 
Standard 
Error 
t value p value 
ImPACT Test         
VeMa 1.8 3.8 0.49 0.63 
ViMa 1.2 5 0.24 0.81 
VMSa 0.2 2.2 0.07 0.94 
RTb -0.01 0 -0.35 0.73 
ICCb -2.1 3.3 -0.62 0.54 
TSSb 4.2 2.7 1.56 0.12 
CEIa 0.03 0.05 0.61 0.54 
dCDT - Commandb         
Total Drawing Time 3.9 5.7 0.69 0.49 
Post CF latency 0.5 0.5 1.09 0.28 
Pre 1st hand latency -1.3 1.1 -1.21 0.23 
Pre 2nd hand latency -0.4 0.7 -0.61 0.54 
Interdigit latency -0.01 0.1 -0.07 0.95 
Total time writing 0.7 1.8 0.4 0.69 
Total think time 3.2 4.3 0.73 0.47 
Think/Ink % 0.01 0.03 0.31 0.75 
dCDT - Copyb         
Total Drawing time -0.8 2.9 -0.27 0.79 
Post CF latency -0.1 0.3 -0.18 0.86 
Pre 1st hand latency 0.6 0.3 2.5 0.01 
Pre 2nd hand latency 0.01 0.2 0.05 0.96 
Interdigit latency 0.1 0.1 1.07 0.29 
Total time writing -0.1 1.1 -0.06 0.95 
Total think time -0.7 2.2 -0.33 0.75 
Think/Ink 0.02 0.02 0.67 0.50 
Trails A & Bb         
Trails A Time 0.3 2.4 0.12 0.90 
Trails B Time -4.4 5.7 -0.76 0.45 
Trails B-A Time -5.6 5.4 -1.05 0.30 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
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Table 14. Contact versus Noncontact Change PRE to POST, Non-cognition 
Non-cognitive 
Measures 
Estimate 
Standard 
Error 
t value p value 
NIH Emotion     
Angerb -0.3 2.5 -0.1 0.92 
Satisfactiona 2.2 3.2 0.7 0.49 
Positive Affecta 3 3.4 0.9 0.37 
Perceived Stressb 1.1 3.1 0.34 0.73 
Self-Efficacya 1.4 3.7 0.38 0.70 
Perceived Hostilityb -1.9 2.9 -0.66 0.51 
Perceived Rejectionb -0.004 2.8 0 1.00 
Supporta 1.8 3.4 0.52 0.60 
Friendshipa -1.9 3.2 -0.6 0.55 
Lonelinessb 0.4 2.1 0.2 0.84 
PROMIS Sleepb          
Sleep Impairment -0.8 2.5 -0.32 0.75 
Sleep Disturbance -2.1 2.4 -0.85 0.39 
Headache         
HIT-6 b 0.9 2.3 0.39 0.70 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
  
Adjusted scores from football and soccer were independently compared to 
noncontact at PRE and POST using paired t-tests. Again, there were no additional 
findings of significance. Removing contact sport athletes who suffered injuries and 
missed more than half the season did not affect the results. Boys and girls were also 
analyzed independently of each other. Paired t-test comparisons of mean change from 
PRE and POST for all measures when subjects were grouped by sex did not yield 
significant results for any measure, adjusted for the same list of covariates (Tables 15 & 
16). 
  
88 
Table 15. Male Contact versus Male Noncontact Change PRE to POST, Cognition 
Cognitive measures Estimate 
Standard 
Error 
t value p value 
ImPACT Test     
VeMa 2.0 4.8 0.43 0.67 
ViMa 2.9 6.5 0.45 0.66 
VMSa -0.2 3.1 -0.07 0.94 
RTb -0.02 0.03 -0.91 0.37 
ICCb -1.4 4.3 -0.33 0.74 
TSSb 4.2 2.9 1.47 0.14 
CEIa 0.05 0.1 0.75 0.45 
dCDT - Commandb     
Total Drawing Time 2.6 8.7 0.3 0.77 
Post CF latency 0.5 0.7 0.68 0.50 
Pre 1st hand latency -2.8 1.5 -1.86 0.07 
Pre 2nd hand latency -0.3 1.0 -0.26 0.79 
Interdigit latency -0.09 0.2 -0.56 0.57 
Total time writing 0.4 2.5 0.15 0.88 
Total think time 2.2 6.8 0.33 0.74 
Think/Ink % 0.002 0.04 0.06 0.95 
dCDT - Copyb     
Total Drawing time 4.1 3.4 1.2 0.23 
Post CF latency 0.1 0.4 0.25 0.80 
Pre 1st hand latency 0.7 0.4 1.87 0.06 
Pre 2nd hand latency 0.02 0.3 0.09 0.93 
Interdigit latency 0.2 0.1 1.99 0.05 
Total time writing 0.9 1.6 0.55 0.58 
Total think time 3.2 2.2 1.46 0.15 
Think/Ink 0.04 0.03 1.25 0.21 
Trails A & Bb     
Trails A Time 1.5 3.0 0.48 0.63 
Trails B Time -7.9 8.0 -0.98 0.33 
Trails B-A Time -9.3 7.4 -1.26 0.21 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold is indicates direction supports  hypothesis, parenthesis () does not support  
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Table 16. Male Contact vs. Male Noncontact Change PRE to POST, Non-cognition 
Non-cognitive 
Measures 
Estimate 
Standard 
Error 
t value p value 
NIH Emotion     
Angerb 2.9 3.3 0.88 0.38 
Satisfactiona -0.8 4.3 -0.18 0.86 
Positive Affecta 0.6 4.6 0.13 0.89 
Perceived Stressb 3.5 4.7 0.74 0.46 
Self-Efficacya 1.1 5.0 0.23 0.82 
Perceived Hostilityb -0.2 3.7 -0.05 0.96 
Perceived Rejectionb 1.9 3.7 1.00 0.61 
Supporta -0.1 4.7 -0.02 0.99 
Friendshipa -3.9 4.3 -0.92 0.36 
Lonelinessb 1.9 2.9 0.67 0.51 
PROMIS Sleepb      
Sleep Impairment -1.5 3.5 -0.43 0.67 
Sleep Disturbance -4.6 3.3 -1.38 0.17 
Headache     
HIT-6 b 4.1 2.6 1.57 0.12 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold is indicates direction supports  hypothesis, parenthesis () does not support  
Given the null findings on change from PRE to POST, mean unadjusted scores 
were compared using paired t-tests for significance to identify differences between 
groups at PRE and POST (Tables 17 and 18). Before correcting for multiple 
comparisons, the contact group performed significantly worse on tests of cognition, 
specifically the ImPACT Visual Motor Speed Composite at POST (p=0.01), and dCDT 
Copy Pre-First Hand Latency at PRE (p=0.002), and both PRE and POST for Trails B 
(p=0.004, p=0.002) and Trails B minus A (p=0.02, p=0.002). However, no relationship 
reached significance Bonferroni correction for multiple comparisons. The distribution of 
Trails B at PRE is shown in figure 1 as an illustrative example of contact and noncontact 
group differences. 
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Figure 1. Contact versus Noncontact Distribution of Trails B Times at PRE 
  
 
In contrast to the cognitive findings, prior to correcting for multiple comparisons, 
the contact group performed significantly better on tests of emotion, post-concussion 
symptom score, and sleep. Contact sport athletes scored lower (better) at PRE and POST 
on self-reported Anger (p=0.001, p=0.004), at POST on Perceived Rejection (p=0.0002), 
and better at PRE on Perceived Stress (p=0.002). Contact sport athletes reported fewer 
problems with sleep at PRE and POST, with lower scores on Sleep-Related Impairment 
(p=0.001, p=0.005) and Sleep Disturbance at PRE (p=0.002). Contact sport athletes also 
reported a significantly lower Total Symptom Score (p=0.003) at POST. However, after 
Bonferroni correct, only Perceived Rejection (p=0.0002) at POST retained significance.  
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Table 17. Contact versus Noncontact Unadjusted Mean Comparisons, Cognition 
  PRE NC 
PRE 
Contact 
 POST NC 
POST 
Contact 
  
ImPACT Test Mean (SD) Mean (SD) p value Mean (SD) Mean (SD) p value 
VeMa 85.1 (11.3) 83.7 (10.4) 0.5 85.6 (13.3) 83.4 (12.0) 0.35 
ViMa 71.6 (17.0) 73.7 (15.1) 0.49 74.7 (16.2) 75.0 (15.7) 0.92 
VMSa 39.7 (7.7) 36.8 (6.8) 0.04 41.7 (7.1) 38.1 (7.0) 0.01 
RTb 0.61 (0.07) 0.63 (0.07) 0.11 0.60 (0.06) 0.62 (.07) 0.1 
ICCb 9.0 (7.5) 9.2 (6.4) 0.89 8.8 (7.4) 10.0 (13.0) 0.55 
TSSb 6.8 (8.0) 4.1 (7.4) 0.07 9.8 (11.4) 4.0 (6.7) 0.003 
CEIa 0.34 (0.15) 0.31 (0.12) 0.29 0.36 (0.15) 0.32 (0.14) 0.2 
dCDT - Commandb        
Total Drawing Time 37.7 (22.6) 42.7 (20.0) 0.29 30.9 (17.9) 32.0 (10.7) 0.74 
Post CF latency 1.4 (1.4) 2.0 (1.8) 0.15 1.3 (1.5) 1.3 (1.2) 0.98 
Pre 1st hand latency 4.1 (3.9) 3.7 (3.2) 0.63 2.6 (2.4) 3.3 (2.8) 0.26 
Pre 2nd hand latency 2.0 (2.0) 1.9 (2.5) 0.77 1.3 (0.9) 1.5 (1.4) 0.4 
Interdigit latency 0.7 (.5) 0.8 (0.3) 0.43 0.5 (0.2) 0.6 (0.3) 0.046 
Total time writing  15.2 (6.5) 16.2 (6.2) 0.48 13.2 (4.1) 13.9 (4.7) 0.51 
Total think time 22.6 (17.2) 26.6 (16.0) 0.29 17.7 (14.3) 18.1 (7.0) 0.88 
Think/Ink % 0.57 (0.09) 0.60 (0.10) 0.2 0.54 (0.08) 0.56 (0.07) 0.35 
dCDT - Copyb             
Total Drawing time 29.2 (14.7) 28.6 (8.3) 0.83 23.9 (6.7) 23.9 (7.0) 1 
Post CF latency 1.5 (1.1) 1.6 (1.1) 0.77 1.0 (0.5) 1.1 (1.0) 0.58 
Pre 1st hand latency 1.0 (0.6) 1.5 (0.9) 0.002 1.1 (0.8) 0.9 (0.6) 0.3 
Pre 2nd hand latency 1.1 (0.5) 1.2 (0.8) 0.49 1.0 (0.6) 1.1 (.6) 0.67 
Interdigit latency 0.7 (0.3) 0.8 (0.3) 0.28 0.6 (0.3) 0.6 (0.2) 0.87 
Total time writing 12.3 (4.3) 12.4 (3.6) 0.94 11.1 (3.0) 11.5 (3.0) 0.54 
Total think time 16.9 (11.8) 16.2 (5.6) 0.77 12.7 (4.8) 12.3 (4.6) 0.69 
Think/Ink 0.6 (0.1) 0.6 (0.1) 0.47 0.5 (0.1) 0.5 (0.1) 0.39 
Trails A & Bb        
Trails A Time 22.0 (7.3) 25.1 (8.0) 0.04 20.4 (6.1)  22.3 (7.2) 0.23 
Trails B Time 53.7 (18.1) 64.7 (18.9) 0.004 45.5 (16.0) 57.7 (18.0) 0.002 
Trails B-A Time 31.8 (16.7) 39.6 (16.6) 0.02 24.2 (13.7) 35.4 (16.7) 0.002 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold is indicates direction supports  hypothesis, parenthesis () does not support  
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Table 18. Contact vs. Noncontact Unadjusted Mean Comparisons, Non-cognition 
  PRE NC 
PRE 
Contact 
 POST NC 
POST 
Contact 
 
NIH Emotion Mean (SD) Mean (SD) p value Mean (SD) Mean (SD) p value 
Angerb 48.5 (7.3) 43.9 (7.1) 0.001 48.9 (8.6) 44.2 (8.0) 0.004 
Satisfactiona 51.8 (10.1) 54.8 (9.1) 0.1 53.1 (8.3) 53.3 (12.1) 0.96 
Positive Affecta 47.5 (10.0) 51.3 (10.0) 0.05 48.7 (11.3) 49.2 (10.2) 0.82 
Perceived Stressb 56.9 (6.9) 52.0 (9.0) 0.002 54.6 (8.9) 51.6 (10.7) 0.14 
Self-Efficacya 50.1 (9.1) 52.8 (9.9) 0.15 48.5 (10.8) 50.2 (13.5) 0.49 
Perc. Hostilityb 48.2 (7.7) 46.4 (9.9) 0.3 49.4 (7.6) 46.4 (8.5) 0.06 
Perc. Rejectionb 50.5 (9.1) 46.4 (8.9) 0.02 52.9 (8.5) 46.5 (8.6) (0.0002) 
Supporta 54.8 (10.4) 53.1  (9.6) 0.38 53.6 (9.5) 53 (12.2) 0.82 
Friendshipa 51.5 (10.0) 50.1 (9.8) 0.47 51.6 (9.3) 51.5 (10.8) 0.95 
Lonelinessb 57.8 (7.2) 54.3 (5.3) 0.01 57.1 (6.3) 54.3 (7.9) 0.06 
PROMIS Sleepb     
Sleep Impairment 54.7 (7.5) 49.9 (7.4) 0.001 56.7 (9.8) 51.8 (7.9) 0.005 
Sleep Disturbance 48.8 (6.3) 44.4 (8.5) 0.002 48.5 (7.4) 45.4 (7.2) 0.03 
Headache  
HIT-6 b 46.9 (7.5) 44.7 (6.6) 0.1 46.3 (7.2) 42.8 (6.2) 0.01 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
 
In addition to analyzing contact versus noncontact, mean unadjusted scores from 
football and soccer were independently compared to noncontact at PRE and POST using 
paired t-tests. There were no additional findings of significance. 
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Section 4: Discussion 
The goal of this study was to evaluate the effects of one season of RHI on high 
school contact sport athletes on cognition, emotion, sleep and headache. Research 
published in the last decade on RHI has changed our understanding of concussion and the 
minimum threshold for traumatic brain injury, as well as provided hypotheses on which 
brain structures and functions are vulnerable. This study was the first to investigate the 
effects of RHI on measures of self-report emotion, sleep, and headache, as well as novel 
cognitive metrics with a control group of noncontact athletes. 
The findings indicate that a single season of high school contact sports does not 
appear to have short-term harmful effect on brain function. With 119 subjects evaluated 
and the resultant power to detect change, this study had an 82.5% power to detect a 
Cohenʼs d of 0.66 for change from PRE to POST, which supports that either there was no 
effect, or the effect size was smaller than estimated. 
While significant in-season changes in brain function were not identified, one 
measure of emotion, Perceived Rejection, retained significance, but the direction of the 
relationship was opposite the hypothesis. Perceived Rejection represents aspects of 
perceived rejection, neglect or insensitivity from others, according to the assessment 
developers (Cyranowski et al., 2013). This raises the question of whether differences 
among the sports, or possibly the schools, were responsible for this finding. It is an 
interesting research question that is beyond the scope or interest of this study. 
There was a general trend that contact sport athletes performed significantly better 
on self-report measures of emotion, and sleep, although most relationships did not reach 
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significance after correcting for multiple comparisons. There is a body of research 
indicating participation in team sports can be beneficial to quality of life (Eime, Harvey, 
Brown, & Payne, 2010; Steptoe & Butler, 1996). There is also research on the long-term 
quality of life differences between collision, contact, and limited-contact sport athletes, 
with collision sport athletes having worse long-term quality of life (Simon & Docherty, 
2016). However, there was no published research that would support why team contact 
sport athletes would score better on self-reported measures of emotion, sleep, and 
headache than noncontact team sport athletes.  
It is possible that the discrepancy is caused by the requirement to self-report on 
many assessment batteries. There may be cultural differences between the sports or 
schools, or other variables like socioeconomic status, which was not queried, that 
discourage certain athletes from self-reporting problems. Self-report could be considered 
a sign of weakness or be thought to have other negative consequences. This may be an 
interesting area for future research.  
Limitations. Several factors should be considered when interpreting these results. 
First, there was no objective measure dividing “contact” and “noncontact” groups. The 
four contact sports were chosen based on the published literature and based on which 
athletes are provided sensors by their schools. Sensor data from the contact sport athletes 
that is reviewed and studied in the second study provide evidence that these presumptions 
have validity.  
The cohort was limited to high school athletes, and caution should be taken when 
extrapolating to other age groups. The results may not be generalizable to other high 
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school teams, as these contact sports teams may not be representative of typical high 
school teams. The fact that a school would allow their contact sport athletes to have RHI 
objectively measured is a strong indication that they take brain trauma seriously, and 
suggests their athletes are on the lower end of the exposure spectrum. There also may 
have been observer effects. The awareness by coaches that the primary investigator is a 
public advocate for safer sports may have changed behavior to limit exposure.  
The necessity of having 3 study sites, and thus differences in the three study 
protocols, may have affected results. Specifically, schools had different ways of 
managing sensors, provided varied access to students, testing facilities, and scheduling, 
and administered the ImPACT test at different times and in differing testing 
environments. 
The timing of the administration of the assessments could have affected results. 
While the vast majority of athletes were tested within two days of the beginning of 
practice or contact practice, some tests were administered months in advance of the 
season or weeks after the season, limiting their accuracy in measuring change between 
PRE and POST. Notably, the ImPACT test was administered by School 3 weeks into the 
football season, eliminating the possibility of identifying a negative change tied to the 
onset of RHI for the highest exposure group in the study. There was also a significant 
range (50-108 days) between PRE and POST. It is unknown how length of exposure may 
have affected brain function, or if in-season testing would have identified changes as 
other studies have shown (Talavage et al., 2014). 
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The study design also assumes that the beginning of the sports season is the 
beginning of RHI exposure. However, exposure prior to the season was not controlled 
and may have affected PRE scores. Summer contact football is allowed in some states, 
soccer is now a year-round sport, and subjects may have been involved in other 
recreational activities associated with RHI. 
RHI outside of sports was also unable to be monitored. At the high school level, 
athletes are now competing in club sports while at the same time competing on a school 
team, and the study could did not control for athletes playing on multiple organized 
sports teams during the same season. The questionnaire did not effectively capture this 
variable; measuring exposure external to the school sport was beyond the scope of the 
study.  
Motivation and effort is an important consideration in interpreting outcomes. The 
concussion literature discusses the practice of athletes “sandbagging” their preseason 
baseline ImPACT test so that if they suffer a concussion later in the season, they will be 
able to perform at their baseline level and thus return to play faster (Siedlik et al., 2016). 
ImPACT contains measures to flag results that may be affected by effort, but retesting 
was not possible due to delays in acquiring the test scores from the school.  
In addition, tests were administered during free periods during the day or after 
school, when students may have been motivated to rush through the computer 
administered portions of the assessment. In future studies, test protocols should utilize 
methods to minimize incentives to rush, including providing a fixed test time and 
instructing subjects they will not be allowed to leave early if they finish early. 
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The emotion, sleep, and headache assessments were all self-report, which requires 
the subject to be honest as well as have awareness of symptoms. Sleep disorders can be 
difficult to self-assess, but the parent information battery was not used. Parent 
information questionnaires do not exist for the other domains, but parent questionnaires 
should be considered in future evaluations of this population. 
Following athletes for only one season may have limited findings. Changes in 
brain function may be more associated with cumulative exposure over a longer time 
period rather than the period of months used in this study. Future studies should explore 
that possibility.  
 
Conclusion 
The lack of significant changes on assessments from preseason to postseason 
among contact sport athletes is reassuring in the context of current concerns about RHI in 
sports. This study may provide evidence that conscientious schools with a focus on 
limiting exposure can keep RHI below a critical threshold that impairs short-term brain 
function. However, based on prior research, there remains the possibility that there were 
structural brain changes due to RHI that did not create functional changes, or that there 
were brain function changes that that could have been identified using other assessments. 
Further investigation into this important research question is warranted. 
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CHAPTER THREE 
 
Section 1: Specific Aims of Study 2 
Specific Aim: To describe one season of repetitive head impacts (RHI) in high school 
football, boys lacrosse, boys and girls soccer, and explore the relationship between one 
season of RHI exposure and negative changes on tests cognition, emotion, sleep, and 
headache.  
 
Hypothesis 1: Athletes who suffer a greater number of impacts will be more likely to 
have negative changes on the assessment battery from PRE to POST. 
 
Hypothesis 2: The magnitude of the exposure will mediate the relationship between RHI 
exposure and change from PRE to POST.  
 
Hypothesis 3: Rotational acceleration will correlate more closely with negative changes 
than linear acceleration. 
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Section 2: Research Design and Methods 
Participants: One hundred thirty-four high school contact sport athletes were 
recruited over four sports seasons from August 2015 to November 2016. School 1 is a co-
educational private day school in eastern Pennsylvania that enrolled over 800 pre-
kindergarten through 12th grade students during the 2016-17 school year. Demographic 
information was unavailable. School 2 is a co-educational public school in northern 
California, enrolling about 1,100 9th through 12th graders. Seventy-one percent identify as 
minorities, and 57% are economically disadvantaged (US News & World Report, 2016b). 
School 3 is a co-educational public school in suburban Boston, Massachusetts, enrolling 
over 1,000 9th through 12th graders. Three percent identify as minorities, and 6% are 
economically disadvantaged (US News & World Report, 2016a).  
No athletes were excluded who were healthy enough to participate on a sports 
team. Athletes were excluded from postseason testing if they suffered a concussion 
during the season and were not cleared to return to play by the end of the season. 
Six subjects were lost to follow-up due to illnesses and absences during the 
postseason testing days and did not respond to requests to reschedule. Four subjects 
voluntarily withdrew from the team during the season and did not respond to requests for 
follow-up testing. Four subjects returned consent forms but dropped out before 
conducting any tests. One athlete was lost to follow-up due to a physician-diagnosed 
unresolved concussion at the time of postseason testing, leaving 119 subjects that 
completed the study. 
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This analysis is of a subgroup of 72 contact sport athletes who wore sensors 
during practices and games. One athlete was excluded as he only recorded one impact on 
one day in a school-led protocol, leaving 71 subjects that were included in the analysis.  
Recruiting and Consent: Participants were recruited using information sessions, 
email, and flyers. Study design and consent forms were approved by the Boston 
University Medical Center IRB (H-34260). All participants provided written informed 
consent or written parental consent and written study assent prior to the start of the 
season. Participants did not receive any remuneration or rewards for their participation, 
with the exception of spring 2016 participants, who were eligible for a drawing to attend 
a professional hockey game and a professional wrestling event. 
Assessments: The assessment battery included tests of cognition, reaction time, 
emotion, sleep, and headache, and is summarized in Table 19. An identical battery of 
tests was performed at both preseason (PRE) and postseason (POST) sessions by the 
investigator or by trained volunteers.  
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Table 19. Assessment Battery, Metrics, Domains Measured, and Administration 
Assessment Domain Metric Administration 
ImPACT Test   
Self-contained web-
based test 
VeM Verbal memory Proprietary score 
ViM Visual memory Proprietary score 
VMS Visual motor speed Proprietary score 
RT Reaction time Time 
ICC Impulse control Proprietary score 
TSS 
Concussion 
Symptoms 
Score 
CEI Cognition Proprietary score 
Digital Clock 
Drawing Command 
& Copy 
Cognition Time 
Investigator, digital pen 
and proprietary paper 
Trails A & Bb Cognition Time 
Investigator, pen & 
paper 
AmNARTa 
Premorbid 
Intelligence 
Score 
Investigator, pen & 
paper 
NIH Emotion 
Battery 
Emotion T-Score 
REDCap 
PROMIS Sleep 
Battery 
Sleep T-Score 
REDCap 
Headache Impact 
Test 6 (HIT-6) 
Headache 
frequency & 
severity 
Score 
REDCap 
Health and Sports 
History 
Covariates NA 
REDCap 
 
 Sensors: All contact sport athletes were provided sensors during practices and 
games. At all three schools, the players wore the Triax Smart Impact Monitor (SIM), 
SIM-G model (Triax Technologies Inc., Norwalk, CT). At the time of the study design, 
the Triax device was the only commercially available head impact sensor that could be 
used in both helmeted and unhelmeted sports that also had data suggesting the sensor 
consistently and accurately report peak linear and rotational acceleration in a laboratory 
setting (Oeur, Karton, & Hoshizaki, 2016).  
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The SIM measures 27mm x 34mm by 8mm thick, has an 85 mm antenna, and 
weighs 11.5 grams.  The SIM is worn inside a custom headband with a pocket built 
specifically to house the SIM. The SIM is removed daily for storage and charging. When 
worn, the sensor is positioned at the back of the athlete’s head below the nuchal line, per 
the recommendation of the manufacturer, and below the bottom of the helmet (Figures 2 
and 3). The SIM device is always pressed against the back of the head to insure the 
impacts recorded are as closely correlated to the head movement as possible.  
Figure 2. Headband and Sensor Position, Unhelmeted Sports. 
 
 
Photograph courtesy of Triax Technologies, Inc. 
 
Figure 3. Headband and Sensor Position, Helmeted Sports 
 
        Photograph courtesy of Triax Technologies, Inc. 
 
 The waterproof plastic SIM houses a printed circuit board containing a 3-axis 
Gyro, high-g 3-axis accelerometer, low-g 3-axis accelerometer, rechargeable lithium Ion 
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battery and 900 MHz radio. Linear acceleration and angular velocity data are sampled at 
1 kHz and filtered using a 780 Hz and a 250 Hz low-pass filter, respectively (Oeur et al., 
2016). The Triax custom RF protocol allows the monitoring of up to 63 athletes in real 
time to a single access point. The access point can be inserted via USB to either a laptop 
computer, or a proprietary box called a SKYi sideline aggregator, and records impacts in 
real time from sensors within approximately a 150 yard range. A PC, iPad or smartphone 
can display the impacts in real time, as well as store the historical impact data for each 
athlete wearing the SIM. If the athlete is out of range, the SIM device has memory that 
can store up to 140 impacts that are downloaded when the athlete is back in range. SIM 
data is stored on Triax’s cloud server when Internet access is available. Multiple users 
can access this data via smartphone, tablet or the cloud (Oeur et al., 2016). 
The SIM can measure g-force levels in the range of 3-150 g. The headband has a 
threshold level of 16 g, meaning that when the accelerometer registers a reading of 16 g 
or greater, the impact will be downloaded. Once an impact above the threshold is 
recognized, 10ms before the impact and 52ms post-impact will be recorded. Software 
processes angular velocity into angular acceleration. Linear acceleration data are 
transformed to the calculated center of gravity of the head. A proprietary algorithm 
identifies “NITs”, which are “false” impacts, or non-sports related impact events, that 
occur when dropping or tapping the sensor. The University of Ottawa developed an 
independent certification test through which to evaluate the efficacy of sensors at the 20 g 
linear impact threshold. The Triax sensor passed tests for football helmets, lacrosse 
helmets, ice hockey helmets, and unhelmeted sports (Oeur et al., 2016).  
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Procedures 
Each school had its own procedures for utilization of the SIMs.  
School 1: School 1 purchased SIM-G sensors for all contact sports athletes in 
2014 and administered them through their athletic training department. The school had 
two full-time athletic trainers on staff, one whose primary responsibility was to manage 
the sensor program. Per IRB protocol, the investigator had no role in administration and 
could not monitor the sensors during the season. The athletic trainer provided the raw 
sensor data at the conclusion of the season. The athletic trainer reported that the protocol 
was to hand out the SIMs, both the sensor and the headband, prior to each game and 
contact practice, and then recover the SIMs and headbands after each event. SIMs were 
not worn during walk-throughs or noncontact workouts. The athletic trainer managed 
charging the sensors, the SKYi boxes, and washing and returning headbands. Sensor data 
was provided for the soccer and lacrosse teams. 
 Compliance: For School 1, compliance was determined for games and practices 
independently. Game compliance was defined as the number of games that the sensors 
were worn and functioning out of total games played. The athletic trainer reported that 
some missing game day data was likely due to her absence from road games when she 
covered other teams, and sensors were not administered. Additional missing game day 
data appears to have been caused by protocol breaches preventing either recording of data 
or uploading data to the cloud, as well as occasional battery failures. During the fall 2015, 
a SKYi box developed undetected failures mid-session that caused the loss of data. 
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Practice compliance was estimated at 100% for all sports in all seasons based on athletic 
trainer statements. Compliance data is in Table 20.  
Table 20. Sensor Compliance of Teams at School 1 
School 1 Teams 
Game 
Compliance 
Practice 
Compliance 
Girls Soccer 2016 81% 100% 
Boys Soccer 2016 73% 100% 
Boys Lacrosse 2016 65% 100% 
Girls Soccer 2015 46% 100% 
Boys Soccer 2015 60% 100% 
 
 Exposure Estimates: The SIM-G outputs were examined for quality control, 
outliers and distributional characteristics for all teams.  Some sensors were previously 
used and had retained data from outside the study period, which was removed. False 
impact events identified by the Triax algorithm (NITs) were removed. Based on the 
distribution of impacts in this study, and prior published studies on exposure 
characteristics in this population, sensors that recorded >100 impacts in one session were 
considered to be malfunctioning on that day. Sensor data from >100 impact days was not 
included in the analysis. Between the three schools, data from seven player/days was 
removed from the analysis. Other research studies have verified impacts by confirming 
impacts using practice and game video, but that was beyond the scope of this study. 
Full-season exposure was estimated based on the remaining data, compliance 
information, and game schedules. For games, full-season exposure was projected based 
on each athlete’s mean exposure per game, multiplied by the number of scheduled games, 
minus games missed due to injury according to athletic trainer records.  
Total impacts = Impacts per game * (scheduled games – games missed due to 
injury or sensor failure) + practice impacts 
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For projecting number of impacts above specific threshold (e.g. g > 20), the 
formula was:  
Total Impacts g > 20 = 
 
Game recorded impacts g > 20 * [(scheduled games – games missed due to injury or 
sensor failure) / games recorded] 
+ 
Practice recorded impacts g > 20 * [(scheduled practices - practices missed due to injury 
or sensor failure) / practices recorded] 
 
School 2: School 2 purchased and began using sensors for the varsity and junior 
varsity football teams during the 2015 season. The sensors were administered through the 
sole athletic trainer, who is contracted with a local hospital to provide athletic training 
services for all sports. Per IRB protocol, the investigator had no role in sensor 
administration and could not monitor the sensors during the season. The school’s goal 
was to utilize the sensors in each game and practice. The athletic trainer provided the raw 
sensor data at the conclusion of the season. 
Compliance: The school only had one athletic trainer covering all sports; thus, 
the athletic trainer could not actively administer and monitor the SIMs. The protocol 
required players to seek out their own sensors before games and practice. In addition, the 
athletic trainer was not able to attend each practice to review compliance or troubleshoot 
sensors and the SKYi. The head coach had difficulty recruiting players and maintaining 
participation in the football program. With fewer than 30 players finishing the season, 
there were no consequences for sensor non-compliance.  
At least one player from each level recorded impacts in 8 of 8 junior varsity 
games and 8 of 9 eligible varsity games. The team competed in 10 varsity games, but 
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postseason testing occurred during practices prior to the final game, at the coach’s 
recommendation, to improve attendance at postseason testing. Impacts recorded after the 
postseason test were excluded from the analysis.  
Sensors were worn by at least one player in 14 practices, most of which occurred 
during the preseason and first two weeks of the season when the athletic trainer had time 
to attend practices. No player recorded impacts from more than 6 practice sessions. The 
athletic director, who is also an assistant football coach, confirmed that the number   
of contact practices was based on the California Interscholastic Federation (CIF) contact 
limits, which in 2016 was:  
A team is allowed two days per week of full contact practice, with no 
more than 90 minutes of full contact on each of those days. This includes 
live action and thud (California Interscholastic Federation, 2017a). 
CIF defines thud as “a drill run at an assigned speed through the moment of contact, with 
no pre-determined winner. Contact remains above the waist and players stay on their feet. 
Thud is considered full-contact by the National Federation of State High School 
Associations.”(California Interscholastic Federation, 2017b) The team had full-contact 
practices every day they were allowed. The 2016 season was 14 weeks long, with no 
contact allowed until day six per CIF regulations, so it was estimated that each player 
participated in 26 full-contact sessions, less any they missed for injury. Most players 
played in all games due to the small roster.  
Based on these estimates and sensor data, School 2 varsity was 26% compliant 
over the course of the season. Adjusting for injuries, at least one player was wearing a 
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sensor in 87% of the games, and individual data was recorded on 49% of game days, 
yielding 43% game compliance. The football team compliance data is in Table 21.  
Exposure Estimates: A different set of assumptions were used for football than 
for soccer and lacrosse to project to full-season exposure. Because two practices per week 
and all games involved contact, it was assumed that if a player recorded zero impacts on 
a game day or full-contact practice day, then their sensor was not worn that day. Total 
impacts was projected based on the following formula: 
Total impacts= 
 
Impacts per games in which >0 impacts recorded * (Scheduled games / games missed due 
to injury or sensor failure) 
+ 
Impacts per practice in which >0 impacts recorded * (Contact practices / practices missed 
due to injury or sensor failure) 
 
Injury records were reviewed to account for subjects that did not participate in 
games or practices due to injury rather than sensor non-compliance. Actual practice and 
game attendance records were not kept. Attendance was assumed to be 100%. On 
noncontact practice days, exposure was estimated to be zero.  
The formula used to project total impacts that exceeded a specific threshold was 
the following: 
Total Impacts g > 20 = 
 
Game-recorded impacts g > 20 * [(scheduled games – games missed due to injury or 
sensor failure) / games recorded] 
+ 
Practice-recorded impacts g > 20 * [(scheduled practices - practices missed due to injury 
or sensor failure) / practices recorded]  
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School 3: A third-party donor independently negotiated with Triax Technologies, 
Inc., to lease sensors for the study. Sensors were piloted on three members of the track 
and field team during two meets. While data was recorded, there were not enough data 
points to provide a reliable estimate of exposure. 
 In the fall of 2016, eighteen members of the freshman football team volunteered 
to participate in the study and wear the sensors. To improve compliance, the head 
freshman coach was recruited and compensated to administer the sensors, handing them 
out at the beginning of practice, retrieving them at the end of practice, charging them 
between uses, and providing on-site troubleshooting. Subjects chose their own headband 
style and fit and were required to maintain their own headbands. The team was provided 
with additional headbands for days when the students did not have their own. The 
investigator periodically monitored sensor compliance online and helped with 
troubleshooting. Notably, ten consecutive days of data was lost due to a SKYi box 
failure, including 2 games, and 2 sensors failed and had to be replaced during the season. 
Compliance: Athletic trainer injury records were reviewed and practice 
attendance records were reviewed, where available, to account for days where no data 
was recorded. The sensors were only available for eight of eleven games, but among 
those games, players recorded impacts on more than half of game days. 
Exposure Estimates: To estimate overall exposure, the assumptions made for 
School 2 were also made for School 3. Players were estimated to have participated in 
100% of games for which they were not injured or absent. The team only had 24 players, 
and the team rule was that everyone played in every game; therefore, it was assumed that 
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if a player did not record a hit on a game day in which they were not injured or absent, 
then the sensor was not functioning properly that day.  
Table 21. Sensor Compliance of Teams at Schools 2 and 3 
 School 2 
Varsity Football 
School 2  
JV Football 
School 3 Freshman 
Football 
Compliance 26% 25% 35% 
Game Compliance 43% 88% 39% 
- Individual 49% 88% 54% 
- Team 87% 100% 72% 
Practice Compliance 21% 6% 34% 
- Individual 40% 12% 56% 
- Team 52% 54% 61% 
 
Statistical Analyses: SAS Version 9.4 (SAS Institute, 2013) was used for all 
statistical analyses. Regression analysis was performed comparing the relationship 
between test battery performance and different measures of RHI. Each variable of interest 
was examined separately. Two-tailed significance for all comparisons was set at p < 0.05. 
With 39 individual assessments, Bonferroni corrected significance was set a p<0.0006. 
Relationships between groups on data unrelated to the study hypothesis, like basic 
demographic information, was not evaluated per best practice. All models were adjusted 
for sex, race, ethnicity, premorbid intelligence, current treatment with prescription 
depression medication, injury in the last month, and previous concussion.  
 
Section 3: Results 
The results reported are from 71 contact sport athletes (29 football, 5 boys 
lacrosse, 15 boys soccer, 22 girls soccer) who wore SIM-G sensors at the three study 
sites. Table 22 shows the breakdown of participants by school and sport. 
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Table 22. Subject Sport and School 
Sport School 1 School 2 School 3 Total 
Football 0 18 11 29 
Girls Soccer 22 0 0 22 
Boys Soccer 15 0 0 15 
Boys Lacrosse 5 0 0 5 
Total 42 18 12 71 
 
The cohort was 69% male and 80% White, with 15% identifying as Hispanic or 
Latino. Thirty-five percent had a previous concussion, with 6% having 2 and 8% having 
3 or more. Demographic information is in Table 23.  
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Table 23. Demographic Information and Concussion History 
 Contact 
Sex N Percent 
Total 71 100% 
Male 49 69% 
Female 22 31% 
Race*     
American Indian or Alaskan Native 1 1% 
Asia 3 4% 
Black or African American 4 6% 
Native Hawaiian or Other Pacific Islander 0 0% 
White 57 80% 
Unknown 0 0% 
Prefer not to answer 8 11% 
*More than 1 2 3% 
Ethnicity     
Hispanic or Latino 11 15% 
Not Hispanic or Latino 51 72% 
Unknown 7 10% 
Prefer not to answer 2 3% 
Concussion History     
Any 25 35% 
1 15 21% 
2 4 6% 
3 or more 6 8% 
 
The average age of subjects was 15.4 ± 1.1. More than half of subjects were 
freshmen, and nearly two-thirds were recruited in the final season of the study (Table 24). 
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Table 24. Age, Year, and Premorbid Intelligence 
 Contact 
Age Mean (SD) Range 
Average age 15.4 (1.1) 14.0-18.6 
Premorbid Intelligence   
AmNART 21.7 (7.0) 6-37 
Education n % 
Freshman 40 56% 
Sophomore 13 18% 
Junior 8 11% 
Senior 10 14% 
Season    
Fall 2015 21 30% 
Winter 2015 0 0% 
Spring 2015 5 7% 
Fall 2016 45 63% 
 
Full season exposure projections were derived from the formulas described in the 
methods section. The study population was exposed to an estimated 15,835 impacts, with 
5,044 occurring in games (32%) and 10,791 in practice (68%), and an average of 223 
head impacts (HI) per player (Table 25). The athletes averaged 6.0 HI per game (range 0-
79) and 6.3 per practice (range 0-85), as shown in Table 26. 
Table 25. Game and Practice Exposure by Sport and Team 
Sport & Team Total Hits Game Hits Game % Practice Hits Practice % 
Football 12,351 2,808 23% 9,543 77% 
Football 2 3,455 785 23% 2,670 77% 
Football 3 8,896 2,023 23% 6,873 77% 
Boys Lacrosse 269 153 59% 116 41% 
Total Boys Soccer 1,358 907 67% 451 33% 
Boys Soccer 2015 419 256 61% 163 39% 
Boys Soccer 2016 940 652 69% 288 31% 
Total Girls Soccer 1,904 1,185 62% 719 38% 
Girls Soccer 2015 821 429 52% 392 48% 
Girls Soccer 2016 1,083 756 70% 327 30% 
Total 15,835 5,044 32% 10,791 68% 
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Football players accounted for 12,351 of those impacts, with only 23% occurring 
in games and 77% occurring in practice. As shown in Table 26, Football players averaged 
426 HI (78-952), with a mean of 10.5 HI per game (1-79) and 12.5 HI per practice (1-85). 
School 3 football players were exposed to 57% more impacts per player than School 2 
over the course of the season, averaging 494 HI (range 154-972), including 11.3 HI in 
games and 13.7 HI in practice. School 2 averaged 314 HI (78-513), including 9.2 HI in 
games and 10.4 HI in practice. 
Boys lacrosse players were exposed to 269 HI, with 59% occurring in games and 
41% in practice. The average boys lacrosse player was exposed to 54 HI (range 47-60), 
with 1.3 HI per game (0-9) and 1.1 HI per practice (0-12) (Table 26).  
Boys soccer players were exposed to 1,358 HI over two seasons, with 67% 
occurring in games and 33% in practice. Subjects averaged 91 HI (9-303), with an 
average of 3.0 HI (0-34) in games and 1.9 HI (0-33) in practice. In 2015, players 
averaged 52 HI (range 17-117), with an average of 1.3 per game (0-16) and 0.9 per 
practice (0-33). In 2016, players averaged 134 impacts (9-303), with a mean of 5.0 (0-34) 
in games and 3.2 per practice (0-25) (Table 26). 
Girls soccer had 1,904 combined HI over two seasons, with 62% occurring in 
games and 38% in practice. Subjects averaged 87 HI (range 4-320), with an average of 
3.3 per game (0-34) and 2.3 per practice (0-32). In season one, subjects averaged 63 HI 
(range 4-138), with 2.8 per game (0-29) and 2.7 per practice (0-32). In 2016, subjects 
averaged 120 HI (9-320), with 4.0 per game (0-34) and 1.7 per practice (0-31) (Table 26). 
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Table 26. Mean Exposure per Player by Sport and Team 
 Total  Game Practice 
 
Ave 
Hits Range Mean Median* Range Mean Median* Range 
Total 
Football 426 78-972 10.5 8.5 0-79 12.5 9.5 1-85 
Football 2 314 78-513 9.2 9.1 0-40 10.4 8.2 1-33 
Football 3 494 154-972 11.3 8.1 0-79 13.7 10.3 1-85 
Boys Lax 54 47-60 1.3 2.1 0-9 1.1 1.1 0-12 
Total Boys 
Soccer 91 9-303 3.0 4.7 0-34 1.9 3.2 0-33 
Boys Soccer 
2015 52 17-117 1.3 4.6 0-16 0.9 3.1 0-33 
Boys Soccer 
2016 134 9-303 5.0 4.9 0-34 3.2 3.3 0-25 
Total Girls 
Soccer 87 4-320 3.3 4.1 0-34 2.3 2.3 0-32 
Girls Soccer 
2015 63 4-138 2.8 3.6 0-29 2.7 2.4 0-32 
Girls Soccer 
2016 120 9-320 4.0 4.8 0-34 1.7 2.0 0-31 
Total 223 4-972 6.0 5.9 0-79 6.3 5.4 0-85 
*On days they received >0 impacts 
 
 Average linear and rotational acceleration was examined, both by team and by 
sport (Table 27). Football players averaged the highest total (41.1 g) and game (39.6 g) 
linear acceleration, while boys lacrosse had the highest linear acceleration in practice 
(41.4 g). Girls soccer had the highest rotational acceleration in games (5,877 rad/s2), 
practices (6,113 rad/s2), and overall (5,950 rad/s2). For football and boys lacrosse, 
impacts were stronger in practice than games. In football, linear impacts in practice had 
4% greater linear acceleration, and game impacts had 18% greater rotational acceleration. 
For lacrosse, practice impacts involved 9% greater linear and rotational acceleration than 
game impacts. 
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Table 27. Mean Acceleration per Impact by Sport and Team 
 Total Games Practice 
 Ave g 
Ave 
rad/s2 Ave g 
Ave 
rad/s2 Ave g 
Ave 
rad/s2 
Total Football 41.1 5,796 39.6 4,989 41.1 5,910 
Football 2 43.0 5,959 39.2 4,854 44.1 6,248 
Football 3 39.9 5,697 39.8 5,072 39.9 5,881 
Boys Lacrosse 37.6 4,412 38.1 4,995 41.4 5,451 
Total Boys 
Soccer 38.7 5,819 38.6 5,865 38.6 5,750 
Boys Soccer 2015 38.4 5,598 37.7 5,695 39.6 5,447 
Boys Soccer 2016 39.0 6,071 39.7 6,059 37.4 6,097 
Total Girls 
Soccer 37.9 5,950 38.0 5,877 37.9 6,113 
Girls Soccer 2015 37.7 5,989 38.3 5,979 37.1 6,000 
Girls Soccer 2016 38.0 5,894 37.7 5,729 38.9 6,276 
Total 39.3 5,743 38.8 5,463 39.7 5,898 
 
The distribution of frequency of impacts by linear magnitude did not follow an 
expected pattern, as some acceleration bands (30-40 and 60-70 g) counted more impacts 
than the lower bands (20-30 and 50-60 g, respectively). 
Figure 4. Frequency Distribution of Linear Acceleration (g's) 
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The distribution of the frequency of impacts by rotational acceleration did follow 
an expected distribution, which each higher magnitude band recorder fewer impacts than 
the previous band. 
Figure 5. Frequency Distribution of Rotational Acceleration (rad/s2) 
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Table 28: Cumulative Acceleration by Sport and Team 
 Cum g Min Max 
Cum 
rad/s2 
(000's) Min Max 
Total Football 17,866  5,807  35,974  2,531  811  5,657  
Football 2 13,601  2,899  26,689  1,894  341  4,164  
Football 3 19,717  7,585  41,649  2,816  1,098  6,569  
Boys Lacrosse 2,096  1,648  2,456  294  274  328  
Total Boys 
Soccer 3,210  570  7,305  489  84  1,282  
Boys Soccer 2015 2,012  708  4,188  293  115  621  
Boys Soccer 2016 4,580  345  12,405  713  49  2,038  
Total Girls 
Soccer 2,953  263  8,414  464  41  1,309  
Girls Soccer 2015 2,381  212  5,871  378  31  938  
Girls Soccer 2016 3,779  335  12,088  588  55  1,846  
Total 9,038  2,690  19,017  1,302  381  3,010  
 
Figure 6 provides a scatter plot illustrating cumulative linear and rotational 
acceleration for each subject, revealing that linear and rotational acceleration are tightly 
coupled and that most athletes clustered at the lower end of exposure.  
Figure 6. Cumulative Linear and Rotational Acceleration by Subject. 
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Head impact locations were grouped into four categories, front, back, side, and 
vertical (top and bottom). All sports appeared to have similar location of impact ratios 
except for soccer players, who were less likely to be impacted in the side of the head 
(Table 29). 
Table 29. Impacts by Location by Sport and Team 
  Front Back Side Vertical 
Total Football 24% 24% 17% 35% 
Football 2 22% 23% 23% 32% 
Football 3 25% 24% 13% 38% 
Boys Lacrosse 1 29% 25% 16% 31% 
Total Boys Soccer 25% 24% 11% 40% 
Boys Soccer 2015 22% 27% 12% 39% 
Boys Soccer 2016 29% 21% 11% 40% 
Total Girls Soccer 31% 25% 9% 36% 
Girls Soccer 2015 30% 24% 10% 37% 
Girls Soccer 2016 32% 26% 8% 35% 
Total 26% 24% 13% 36% 
 
Regression analysis was performed comparing the relationship between test 
battery performance and different measures of RHI. Regressions were adjusted for 
ethnicity, race, age, AmNART, current treatment with prescription depression 
medication, injury in the last month, sex, and previous concussion.  
First, the relationship between exposure and change in PRE and POST test scores 
was investigated. Measures of exposure investigated include: total impacts, cumulative 
linear acceleration, cumulative rotational acceleration, and total impacts exceeding a 
predetermined linear acceleration threshold (10 g, 20 g, 30 g, 40 g, 50 g, 60 g, 70 g, 80 g, 
90 g, 100 g) and rotational acceleration threshold (2,000 rad/s2, 4,000 rad/s2, 6,000 rad/s2, 
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8,000 rad/s2, 10,000 rad/s2, 12,000 rad/s2, 14,000 rad/s2, 16,000 rad/s2, 18,000 rad/s2, 
20,000 rad/s2). 
No relationship was found between any measure of exposure and change in PRE 
and POST test scores. Cumulative linear acceleration is shown in Tables 30 and 31 as an 
example of the results. 
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Table 30. Relationship between Cumulative g and Changes PRE to POST, Cognition 
Cognition Estimate 
Standard 
Error 
t value p value 
ImPACT Test     
VeMa 0.000015 0.000244 0.06 0.95 
ViMa 0.000313 0.000307 1.02 0.31 
VMSa 0.00018 0.000132 1.36 0.18 
RTb -0.000001 0.000002 -0.41 0.68 
ICCb -0.000145 0.000238 -0.61 0.55 
TSSb 0.000042 0.00014 0.3 0.77 
CEIa 0 0.000003 0.03 0.97 
dCDT - Commandb         
Total Drawing Time -0.000229 0.00031 -0.74 0.46 
Post clock face latency -0.000009 0.00003 -0.29 0.77 
Pre 1st hand latency -0.000047 0.000063 -0.75 0.46 
Pre 2nd hand latency -0.000005 0.000043 -0.12 0.91 
Interdigit latency 0.000004 0.000006 0.66 0.51 
Total time writing 0 0.00011 0 1.00 
Total think time -0.000229 0.000237 -0.97 0.34 
Think/Ink % -0.000002 0.000002 -1.47 0.14 
dCDT - Copyb         
Total Drawing time 0.000234 0.000143 1.64 0.10 
Post clock face latency 0.000025 0.00002 1.23 0.22 
Pre 1st hand latency 0.000009 0.000015 0.58 0.57 
Pre 2nd hand latency -0.000018 0.000013 -1.36 0.18 
Interdigit latency 0.000008 0.000005 1.83 0.07 
Total time writing 0.000083 0.000065 1.27 0.21 
Total think time 0.000151 0.000092 1.64 0.10 
Think/Ink 0.000001 0.000001 0.54 0.59 
Trails A & Bb         
Trails A Time 0.000052 0.000131 0.4 0.69 
Trails B Time -0.000249 0.000345 -0.72 0.47 
Trails B-A Time -0.000303 0.000332 -0.91 0.36 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
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Table 31. Relationship between Cumulative g and Changes PRE to POST, Non-
cognitive Measures 
Non-cognitive Measures Estimate 
Standard 
Error 
t value p value 
NIH Emotion     
Angerb -0.000047 0.000141 -0.34 0.74 
Satisfactiona -0.000036 0.0002 -0.18 0.86 
Positive Affecta -0.000059 0.000199 -0.29 0.77 
Perceived Stressb -0.000113 0.000182 -0.62 0.54 
Self-Efficacya 0.000144 0.000245 0.58 0.56 
Perceived Hostilityb -0.000146 0.000176 -0.82 0.41 
Perceived Rejectionb 0.000119 0.000178 0.67 0.51 
Supporta -0.000126 0.00021 -0.6 0.55 
Friendshipa 0.000292 0.000207 1.41 0.16 
Lonelinessb -0.000062 0.000134 -0.46 0.65 
PROMIS Sleepb          
Sleep Impairment -0.000054 0.000148 -0.37 0.71 
Sleep Disturbance -0.000234 0.000157 -1.49 0.14 
Headache         
HIT-6b 0.000186 0.000133 1.4 0.17 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
 
Since there were no significant changes found on change from PRE to POST, the 
relationship between exposure and POST outcomes was investigated. There were 
significant results for many of the outcomes non-cognitive assessments on multiple 
measures of exposure.  
A significant relationship was found after Bonferroni correction between total 
number of impacts and higher self-reported Perceived Stress (PS) (p=0.0002) and 
Perceived Hostility (PH) (p=0.0004) (Table 33). Cumulative linear acceleration had 
similar results for increased PS (p=0.0004) (not shown).  
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Table 32. Relationship between Total Impacts and POST, Cognition 
Cognition Estimate 
Standard 
Error 
t value p value 
ImPACT Test     
VeMa 0.01256 0.00729 1.72 0.09 
ViMa 0.00763 0.00915 0.83 0.41 
VMSa 0.00195 0.00394 0.5 0.62 
RTb 0.00001 0.00005 0.12 0.91 
ICCb 0.00620 0.00710 0.87 0.38 
TSSb 0.00124 0.00417 0.3 0.77 
CEIa 0.00017 0.00008 2.1 0.04 
dCDT - Commandb         
Total Drawing Time -0.00846 0.00929 -0.91 0.36 
Post CF latency 0.00009 0.00090 0.1 0.92 
Pre 1st hand latency -0.00217 0.00192 -1.13 0.26 
Pre 2nd hand latency -0.00107 0.00133 -0.81 0.42 
Interdigit latency -0.00027 0.00017 -1.58 0.12 
Total time writing -0.00267 0.00331 -0.81 0.42 
Total think time -0.00579 0.00712 -0.81 0.42 
Think/Ink % -0.00001 0.00005 -0.28 0.78 
dCDT - Copyb         
Total Drawing time -0.00619 0.00430 -1.44 0.15 
Post CF latency 0.00029 0.00062 0.46 0.64 
Pre 1st hand latency -0.00004 0.00045 -0.1 0.92 
Pre 2nd hand latency -0.00012 0.00040 -0.29 0.77 
Interdigit latency -0.00022 0.00014 -1.62 0.11 
Total time writing -0.00245 0.00196 -1.25 0.21 
Total think time -0.00373 0.00278 -1.34 0.18 
Think/Ink -0.00002 0.00004 -0.43 0.67 
Trails A & Bb         
Trails A Time -0.00310 0.00395 -0.79 0.43 
Trails B Time -0.00662 0.01034 -0.64 0.52 
Trails B-A Time -0.00350 0.00995 -0.35 0.73 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
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Table 33. Relationship between Total Impacts and POST, Non-cognitive Measures 
Non-cognitive Measures Estimate 
Standard 
Error 
t value p value 
NIH Emotion     
Angerb 0.00557 0.00424 1.31 0.19 
Satisfactiona -0.00579 0.00602 -0.96 0.34 
Positive Affecta -0.00347 0.00600 -0.58 0.56 
Perceived Stressb 0.02113 0.00545 3.88 0.0002 
Self-Efficacya -0.00869 0.00739 -1.18 0.24 
Perceived Hostilityb 0.01928 0.00529 3.64 0.0004 
Perceived Rejectionb 0.00642 0.00534 1.2 0.23 
Supporta -0.00588 0.00630 -0.93 0.35 
Friendshipa -0.01226 0.00624 -1.96 0.05 
Lonelinessb 0.00525 0.00403 1.3 0.20 
PROMIS Sleepb          
Sleep Impairment 0.00248 0.00444 0.56 0.58 
Sleep Disturbance 0.00730 0.00471 1.55 0.12 
Headache         
HIT-6b -0.00726 0.00399 -1.82 0.07 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
 
Cumulative rotational acceleration did not have significant findings for any 
cognitive measures, found a similar relationship with Perceived Stress and Perceived 
Hostility. 
 Analyses of other levels of exposure revealed similar results, with the exception 
of high magnitude rotational acceleration. There was a significant association between a 
number of impacts with rotational acceleration exceeding 18,000 rad/s2 and eight 
measures (Tables 34 & 35). After correcting for multiple comparisons, the greater the 
number of impacts, the worse the subjects scored on Perceived Hostility (p=0.0002) and 
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ImPACT Impulse Control Composite (p<.0001). Only a small share of impacts were 
recorded at this extreme acceleration (n=20 out of 15,835). 
Table 34. Relationship between Impacts>18,000 rad/s2 and POST, Cognition 
Cognition Estimate 
Standard 
Error 
t value p value 
ImPACT Test     
VeMa -1.12592 1.13566 -0.99 0.32 
ViMa -1.23336 1.41830 -0.87 0.39 
VMSa -0.42579 0.61400 -0.69 0.49 
RTb -0.00038 0.00689 -0.06 0.96 
ICCb 4.93911 0.94859 5.21 <.0001 
TSSb 0.15263 0.63817 0.24 0.81 
CEIa -0.00359 0.01287 -0.28 0.78 
dCDT - Commandb         
Total Drawing Time -1.28805 1.43649 -0.9 0.37 
Post CF latency -0.02858 0.13815 -0.21 0.84 
Pre 1st hand latency 0.00195 0.29164 0.01 0.99 
Pre 2nd hand latency -0.14832 0.19829 -0.75 0.46 
Interdigit latency -0.06543 0.02551 -2.56 0.01 
Total time writing  -0.72934 0.50392 -1.45 0.15 
Total think time -0.55871 1.10756 -0.5 0.62 
Think/Ink % 0.00392 0.00768 0.51 0.61 
dCDT - Copyb         
Total Drawing time -1.27949 0.65707 -1.95 0.05 
Post CF latency -0.09184 0.09549 -0.96 0.34 
Pre 1st hand latency 0.02579 0.06988 0.37 0.71 
Pre 2nd hand latency -0.01922 0.06173 -0.31 0.76 
Interdigit latency -0.02839 0.02118 -1.34 0.18 
Total time writing  -0.61526 0.29783 -2.07 0.04 
Total think time -0.66422 0.42842 -1.55 0.12 
Think/Ink 0.00167 0.00608 0.28 0.78 
Trails A & Bb         
Trails A Time -0.19832 0.60765 -0.33 0.74 
Trails B Time 1.58660 1.59080 1 0.32 
Trails B-A Time 1.78591 1.52055 1.17 0.24 
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Table 35. Relationship between Impacts>18,000 rad/s2 and POST, Non-cognitive 
Non-cognitive Measures Estimate 
Standard 
Error 
t value p value 
NIH Emotion         
Angerb 1.31583 0.64128 2.05 0.04 
Satisfactiona -0.43814 0.92558 -0.47 0.64 
Positive Affecta -0.84020 0.91121 -0.92 0.36 
Perceived Stressb 1.17241 0.89023 1.32 0.19 
Self-Efficacya -2.18689 1.11692 -1.96 0.05 
Perceived Hostilityb 3.09425 0.80296 3.85 0.0002 
Perceived Rejectionb 1.94700 0.80169 2.43 0.02 
Supporta -1.78168 0.96090 -1.85 0.07 
Friendshipa -2.78892 0.93114 -3 0.004 
Lonelinessb 1.33802 0.60937 2.2 0.03 
PROMIS Sleepb          
Sleep Impairment 0.98549 0.67055 1.47 0.14 
Sleep Disturbance 1.33702 0.71472 1.87 0.06 
Headache -0.55339 0.61097 -0.91 0.37 
HIT-6b -0.55339 0.61097 -0.91 0.37 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
  
Since multiple metrics of exposure were related to performance at POST, but 
there was no significant change over a single season, the data was reviewed to see if the 
POST data may be a result of long-term exposure to RHI. A new analysis was conducted 
of total impacts of the highest exposure group, football, at POST, and the data was 
additionally adjusted for the number of years they had played football prior to the current 
season. Total sports history was not available.  
 Prior to correction for multiple assessments, football players who suffered more 
impacts performed significantly worse on six of the sixteen measures on the dCDT. 
However, after Bonferroni correction, no measures retained significance (Table 36). 
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Notably, before correcting for multiple comparisons, the number of years of football 
played did not significantly influence the results for any of the measures.  
Table 36. Relationship between POST, Total Impacts, and Cognition among Football 
Players, Adjusted for Years of Football Played 
Cognition Estimate 
Standard 
Error 
t value p value 
ImPACT Test         
VeMa -0.315 1.932 -0.16 0.87 
ViMa -0.450 2.813 -0.16 0.87 
VMSa -1.561 1.300 -1.20 0.23 
RTb 0.016 0.012 1.33 0.19 
ICCb -1.180 1.905 -0.62 0.54 
TSSb -1.680 1.711 -0.98 0.33 
CEIa -0.029 0.027 -1.07 0.29 
dCDT - Commandb        
Total Drawing Time 6.903 3.708 1.86 0.07 
Post CF latency 0.456 0.312 1.46 0.15 
Pre 1st hand latency 0.852 0.649 1.31 0.19 
Pre 2nd hand latency 0.688 0.486 1.41 0.16 
Interdigit latency 0.079 0.077 1.03 0.31 
Total time writing  1.050 1.117 0.94 0.35 
Total think time 5.853 2.884 2.03 0.045 
Think/Ink % 0.037 0.017 2.19 0.03 
dCDT - Copyb        
Total Drawing time 5.185 1.910 2.72 0.01 
Post CF latency 0.356 0.217 1.64 0.10 
Pre 1st hand latency 0.383 0.165 2.32 0.02 
Pre 2nd hand latency 0.004 0.117 0.04 0.97 
Interdigit latency 0.150 0.051 2.94 0.004 
Total time writing  0.852 0.696 1.22 0.22 
Total think time 4.333 1.464 2.96 0.004 
Think/Ink 0.356 0.217 1.64 0.10 
Trails A & Bb        
Trails A Time 1.920 1.442 1.33 0.19 
Trails B Time 7.214 3.693 1.95 0.054 
Trails B-A Time 5.546 3.445 1.61 0.11 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
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Table 37. Relationship between POST, Total Impacts, and Non-cognitive Measures 
among Football Players, Adjusted for Years of Football Played 
Non-cognitive Measures Estimate 
Standard 
Error 
t value p value 
NIH Emotion         
Angerb -0.378 1.655 -0.23 0.82 
Satisfactiona 2.417 1.939 1.25 0.22 
Positive Affecta 0.513 2.061 0.25 0.80 
Perceived Stressb -0.208 1.685 -0.12 0.90 
Self-Efficacya 5.323 2.354 2.26 0.03 
Perceived Hostilityb 0.051 1.810 0.03 0.98 
Perceived Rejectionb -1.260 1.715 -0.73 0.46 
Supporta 0.598 2.089 0.29 0.78 
Friendshipa 0.982 1.840 0.53 0.59 
Lonelinessb -1.257 1.314 -0.96 0.34 
PROMIS Sleepb         
Sleep Impairment -1.905 1.592 -1.20 0.23 
Sleep Disturbance -1.234 1.392 -0.89 0.38 
Headache        
HIT-6 b 1.780 1.372 1.30 0.20 
a Higher scores indicate better performance 
b Lower scores indicate better performance 
p value in bold indicates significance after Bonferroni correction, and direction supports 
hypothesis; parenthesis () does not support  
 
 
Section 4: Discussion 
The goal of this study was to evaluate whether the cognitive and other behavioral 
effects of one season of RHI in high school contact sport athletes have a dose-response 
relationship. A commercially available accelerometer was utilized to capture RHI 
exposure for contact sport athletes in football, boys lacrosse, and boys and girls soccer. 
Regression analysis of multiple measures of RHI, including impact frequency and 
cumulative magnitude, did not identify a significant relationship between exposure and 
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changes from PRE to POST assessments in cognition, emotion, sleep or headache over 
one season.  
However, secondary analyses found significant relationships between multiple 
measures of exposure and test performance at POST. A greater number of total head 
impacts was correlated with increased symptom reporting on NIH Emotion Battery 
elements Perceived Stress (p=0.0002) and Perceived Hostility (p=0.0004). Measures of 
cumulative linear and rotational acceleration did not elucidate the relationship further. 
Number of impacts above specific linear and rotational magnitudes also did not 
appear to influence outcomes, with the exception of high magnitude rotational 
acceleration. Because high magnitude rotational impacts have been shown to be more 
damaging to brain structure, it was hypothesized that subjects receiving more severe 
rotational impacts would have greater negative changes on measures from PRE to POST. 
While that hypothesis was not supported by the data, the athletes who were exposed to 
rotational acceleration greater than 18,000 rad/s2 at least once during the season self-
reported more Perceived Hostility(p=0.0002) and performed worse on the ImPACT 
Impulse Control Composite (P<0.0001).   
 To investigate whether long-term exposure to RHI may have a cumulative effect 
and account for the findings at POST, an additional regression analysis of total impacts 
and outcomes was adjusted for the number of years of football prior to the current season, 
but found that years of football did not influence the relationship between RHI and scores 
at POST. Total sports history for each athlete was not known.  
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While this study assumes that outcomes are related to RHI exposure, it is possible 
that the relationship runs the opposite direction. It is feasible that subjects with higher 
perceived stress and hostility exhibit different behaviors on the field, including the 
possibility that they seek out more contact, and even purposeful head contact, than others. 
In light of efforts to change athlete behavior to reduce RHI, based on these findings, 
further investigation on how emotion may influence RHI in contact sports is warranted. 
Exposure Findings: There were a number of interesting findings when reviewing 
the RHI exposure data. All sports had a small n, so the following statements should be 
interpreted with that caveat. Consistent with other studies, football players experienced 
the majority of their exposure in practice, while the other sports had more exposure in 
games. Impact frequency for football was not in line with previously published literature. 
In this study, football players averaged 426 head impacts per player, which is 
considerably lower than the four-year index study of high school football exposure 
published in 2011 in which players had an average of 652 impacts at a similar minimum 
threshold of 15 g (Broglio, Eckner, Martini, et al., 2011).  
However, a followup to the 2011 study published in 2016 looked at a single high 
school football team in the year before and after a rule change requiring highs schools in 
the state limit contact practices. The average player in this study went from 592 
impacts/season to 345 impacts/season, a decrease of 42% in one year, and the reduction 
was consistent across positions (Broglio et al., 2016). Therefore, the RHI exposure of 
football players in this study is likely a reflection of the success of state-mandated contact 
limits and/or changes in practice methods by coaches. 
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Other contact sports had comparable impact frequency relative to other published 
studies. The sole published study on high school girls soccer exposure found an average 
of 1.69 impacts per practice and 2.85 impacts per game (McCuen et al., 2015). This study 
(n=22) found an average of 2.3 impacts per practice and 3.3 per game. The data appears 
heavily influenced by which players volunteered for the study, and not all players 
participated, so results should be generalized to teams with caution. For example, the 
2016 girls soccer team subjects averaged 95 impacts (2.3 per event), except for a center 
midfielder who received 320 total impacts (7.6 per event).  
 This is the first study of high school boys lacrosse RHI. A recent study of men’s 
college lacrosse found they average 11.5 head impacts per game and 3.1 per practice 
(Reynolds et al., 2016). The male high school lacrosse players in this study averaged only 
1.3 head impacts per game and 1.5 per practice. However, as only five players 
participated, the results are not generalizable.  
The relatively limited exposure in football indicates these high school programs 
may not be representative of typical high school teams. The fact that a school and a head 
football coach would allow their athletes to have RHI objectively measured is a strong 
indication that they limit contact and are on the lower end of the exposure spectrum. 
Another possibility is that practice habits and game behavior have rapidly changed since 
other studies were published due to new full-contact practice limit guidelines and 
increased scrutiny on subconcussive impacts. 
Football players had considerably more exposure by any measure than the other 
contact sports. Football players averaged 5.6 times as much cumulative linear 
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acceleration (17,866 vs 3,210) and 5.2 times as much rotational acceleration (2,531,000 
vs 489,000) than the next highest sport, boys soccer.   
The finding that girls soccer player averaged the greatest rotational acceleration in 
both practices and games, but had lower linear acceleration relative to the other sports, 
lends support to the hypothesis that female anthropometrics, including smaller neck girth 
and overall weaker neck muscles, result in a different kinematic response to head impacts 
than males (Bretzin, Mansell, Tierney, & McDevitt, 2017).  
School 1 has worked with the non-profit Concussion Legacy Foundation to limit 
RHI and concussion risk in their student athletes. It was interesting to note a significant 
decrease in the percent of RHI occurring in soccer practices, where coaches directly 
control header frequency and continue to find ways to limit RHI. For boys, the drop was 
39% to 31%, and for girls, 48% to 30%. This evidence supports the hypothesis that RHI 
can be significantly modified by coaches in soccer. 
Soccer had the lowest percentage of head impacts to the side of the head, with 9% 
in girls soccer and 11% in boys soccer versus 17% for football and 16% for lacrosse. This 
finding makes sense, because as much as 90% of soccer head impacts are from 
intentionally trying to head the ball, usually with the front of the head. Head impacts in 
football and lacrosse are, in theory, unintentional, so players may not see them coming, 
resulting in an impact to the side of the head rather than an adjustment that avoids the 
head impact entirely. 
 It was also notable that School 2’s football team averaged 23% of their impacts 
from the side, versus only 13% for School 3, and School 2 football players averaged 
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more than 6% greater rotational acceleration per hit (6,248 rad/s2 vs 5,881 rad/s2). School 
2 went 0-10 on varsity, while School 3 was undefeated. This finding invites the question 
of whether the disparity on hits to the side of the head could be linked to skill and ability. 
   
Limitations 
Several factors should be considered when interpreting these results. The cohort 
was limited to high school athletes, and caution should be taken extrapolating the results 
to other age groups. The sensor data is not representative of actual acceleration of the 
brain. First, the sensor data is an algorithm-based estimate of acceleration at center mass 
of the brain, and may not be accurate. Second, compliance was non-optimal, and not 
every athlete wore a functioning sensor at every game and practice. The adjustments 
made to the data to project to total exposure are best estimates. 
RHI outside of the school sports setting was not captured, and it was learned after 
the study began that some soccer players also play on a club team during the school 
season. The data is not adjusted for that possibility, nor the fact that some athletes played 
contact sports in the season or year prior to the study. History of exposure to RHI was 
crudely measured by asking about years of play in the current sport, and may not 
accurately reflect lifetime exposure. 
There may have been an artificial floor effect in the exposure data. In studies 
using the HIT System, a research tool with stronger validation data, the average impact in 
football has ranged from 20-25 g, when the minimum threshold to record an impact is 15 
g (Broglio, Eckner, Martini, et al., 2011). For the SIM-G device, which has a minimum 
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threshold of 16 g, the average impact was 41.1 g, and there were more impacts recorded 
in the 30-40 g range than the 20-30 g range. We would expect, and previous studies have 
shown, that the data should follow a normal distribution, with fewer impacts recorded as 
magnitude increases. The fact that more impacts were recorded in the 30-40 g band than 
20-30 g, as well as more in the 60-70 g band than the 50-60 g band, indicates that there 
are likely improvements that can be made in the algorithm. The elevated mean 
acceleration may be related to this issue. The highest recorded impact, 122.2 g by a boys 
soccer player, is in line with peak acceleration in other studies using the HIT system, 
illustrating that it is unlikely there is a similar artificial ceiling effect.  
The necessity of having 3 study sites, and thus differences in the three study 
protocols, may have affected results. Specifically, schools had different ways of 
managing sensors, provided varied access to students, testing facilities, and scheduling, 
and administered the ImPACT test at different times and in differing testing 
environments. 
The ImPACT test administration for the largest group of high exposure athletes, 
the 18 members of the School 2 football team, was delayed until one month into the 
season. If the original hypothesis is correct, that exposure would be detrimental to test 
scores, the effect of RHI may have already taken place by the time the subjects were 
tested.  There was also a significant range (50-108 days) between PRE and POST; it is 
unknown how length of exposure may have affected brain function, or if in-season testing 
would have identified changes as other studies have shown (Talavage et al., 2014). 
Concerns about how motivation may have affected ImPACT scores are addressed in 
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Chapter 2. Subjects frequently were assessed during free periods in the school schedule 
or after school, providing incentives to rush through the test so they may do homework or 
go home. In future studies, test protocols should utilize methods to minimize incentives 
to rush, including providing a fixed test time and instructing subjects they will not be 
allowed to leave early if they finish early. 
There is also the possibility that the test battery chosen was non-optimal, and 
there were functional changes that could have been identified using other tests, or a full 
neuropsychological battery. The emotion, sleep, and headache assessments were all self-
report, which requires the subject to be honest as well as have awareness of symptoms. 
Sleep disorders can be difficult to self-assess, but the parent information battery was not 
used. Parent information questionnaires do not exist for the other domains, but parent 
questionnaires should be considered in future evaluations of this population. 
Based on prior research, there remains the possibility that there were structural or 
functional brain changes due to RHI that did not result in clinical changes that could be 
identified by the chosen test battery. No biomarker was used in this study that would have 
advanced understanding of what brain changes underlie the observed effect, or how it 
was related to specific symptoms like cognition or emotion. A serum biomarker would 
not have provided strong insight into specific symptoms as there is no biomarker under 
investigation that would be specific to a region of the brain. 
DTI would likely provide the best window into structural change that could be 
associated with specific symptoms. Most studies that have found changes on DTI have 
clinically identified cognitive changes and found DTI differences primarily in the cortex, 
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including the temporo-occipital lobe changes (Lipton et al., 2013), brainstem and left 
temporal lobe (Mayinger et al., 2017), and inferior fronto-occipital fasciculus (Bahrami et 
al., 2016), which functionally connects auditory and visional association cortices with 
prefrontal cortex. 
To correlate changes between symptoms of emotion and structural injury, the 
limbic system would be the region of interest. Smaller DTI studies in mTBI have 
identified changes to the limbic system, including the cingulate cortex and amygdala, 
areas of the brain involved in processing emotion (Zhu et al., 2014). The limited DTI 
studies on RHI in the absence of concussion have not identified changes in the limbic 
system, and most related studies of TBI, both in the short-term (Chamard et al., 2013) 
and long-term (Kraus et al., 2007) (Bendlin et al., 2008), have had similar cortical 
findings, but they also have identified changes to the corpus callosum, largest 
commissural fiber tract in the brain. The fibers of corpus callosum primarily connects the 
left and right cortices, and lesions to the corpus callous have been shown to result in 
emotional symptoms (L. L. Yang, Huang, & Cui, 2014). Stamm, Stern and colleagues 
have identified long-term corpus callosum atrophy in an RHI population at high risk for 
CTE and with mood and behavioral impairments (Stamm, Koerte, et al., 2015). The 
cingulate cortex, amygdala, and corpus callosum are important areas for future DTI 
research focused on emotional symptoms related to RHI exposure. 
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Conclusion 
One season of subconcussive exposure did not appear to cause measurable change 
on assessments of cognition, emotion, sleep, and headache. This study may provide 
evidence that conscientious schools with a focus on limiting exposure can keep RHI 
below a critical threshold that impairs acute brain function, although this study does 
provide insight into whether RHI caused subclinical changes. Based on the published 
literature, it also may provide evidence that identifying structural and functional brain 
changes due to RHI, assuming they occurred in this study, through clinical assessments 
will be more difficult than previously thought. Considering the increasing number of 
former athletes being diagnosed with CTE, research on RHI and critical thresholds for 
risk and prevention remain urgently needed.  
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